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PREFACE 


This final number of Volume 52 of the QuAR'reiiLY Transactions of the 
American Institute of Electrical Engineers is of unusual importance for several 
reasons: 

1. It completes the Institute’s published records of technical papers and 
related discussion for the year 11)38. 

2. It embraces in a single bound volume the same scope of material that 
customarily has been included in separate quarterlies, one date<l September 
and the other dated December. 

3. It closes the six-year era of Quartkri,y Transactions. 

4. It contains a comprehensive and generously cro.ss referenced subject 
index and author index covering all quarterly i.ssues of the Transactions for 
1933; also includes reports of the Board of Directors for 1932 and for 1933. 

In elfeet, there are in this .single bound volume two ({uarterly numbers 
of <:he Transactions, embracing material as follows; 

1. In the September section (pp. 711 to 944) 

All technical pai)er.s an<l related discussions presented at the 
Institute’s North Flasteni District (No. 1) meeting held at Schenectady, 
N. Y., May 10-12,1933; 

Part of the papers together with their associated discussion, pre¬ 
sented at the Institute'-s 49th annual summer convention held at 
Chicago, Ill., June 26-30,1933. 

2. In the December section (pp. 945 to 11.53) 

The remainder of the technical papers and associated discussion 
presented at the 1933 summer convention; 1933 technical committee 
reports and reports of the Board of Directors for 1932 and for 1933; 
composite reference index for 1933. 

By combining these two quarterly numbers of Transactions into this single 
bound volume, it has been possible to effect some necessary savings in costs 
without diminishing the material included in the Transactions; also to obviate 
certain delays otherwise beyond control, thus making possible the distribution 
of the December contents much earlier than has been possible in the past. 

As discussed extensively in several articles appearing in EiiBCTiilCAL 
Knoinkbring during the latter half of 1933, and as contained in notices to all 
Transactions subscribers, the 1934 A.I.E.E. Transactions will be issued 
in December 1934 as a single bound volume embracing the contents of the 12 
monthly issues of Electrical Engineering for that year. By thus obviating 
the discrepancy that has prevailed between the total contents of Electrical 
Engineering for a given year and the contents of the bound volumes of 
Transactions, the annual volume of Transactions will become a complete 
reference record of all technical and related material published by the Institute 
for the current year. 




The Electrical Characteristics of Impregnated 

Gable Papers 


BY C. L. DAWES* 

Member, A.I.E.E. 


and P. H. HUMPHRIES! 

Associate, AJ.E.E. 


I N CONNECTION with the investigation of ioniza¬ 
tion in impregnated-paper insulated cables con¬ 
ducted at The Harvard Engineering School under 
auspices of the impregnated-paper cable research 
committee of the National Electric Light Association, 
it was found necessary to determine over a considerable 
range of voltage gradient, temperature, and frequency, 
the electrical characteristics of cable papers impreg¬ 
nated with different cable oils and compounds. The 
impregnation was conducted trader almost ideal labora¬ 
tory conditions so that little if any gas was occluded. 
When the results of the measurements wa-e rationalized 
and analyzed, it was found that to a r^narkable degree 
they all conformed to the same general laws. These 
laws and the analyses of the electrical characteristics 
into components may appear to be only empirical. 
However, they are results of some fundamental causes, 
involving probably mol^ular and intramolecular re¬ 
actions. Therefore, aside from any value which the 
results presented may have as engineering data, they 
may at some time be of value in confirming or in dis¬ 
proving some more fundamraital theories of dielectrics. 
MoreovCT, it is found that actual cables when impreg¬ 
nated so thoroughly that they manifest no appreciable 
ionization, have electrical characteristics comparable to 
those obtained with these samples impregnated under 
almost ideal conditions. Hence the characteristics of 
impregnated cable paper given here are available as 
standards with which cables may be compared. 

Apparatus 

Each sample consisted of twelve flat circular sheets 
of wood-pulp paper, each sheet being approximately 
6.5 to 6.7 mils (0.165 to 0.170 mm) thick and having a 
diameter of 15 in. (38.1 cm). Details of the apparatus 
and method of impregnation are given in bibliography 
reference No. 2, although minor improvements have 
since been made. Briefly, both the cable paper and the 
compound were subjected to a drying process for ap¬ 
proximately 9 hr at 105 deg C and at a vacuum better 
than 2 mm of mercury. For approximately 21 hr 
longer, during impregnation and after the complete 
impregnation of the sample, the temperature and the 
vacuum were maintained at the values stated. Hence, 
the completed samples should contain, either in absorp¬ 
tion or as voids, only the slightest traces of gas. 

*Assooi&te Professor of Electrical Engineering, The Harvard 
Engineering School. 

tAssistant Professor of Electrical Engineering, Tulane Uni¬ 
versity. Formerly Instructor in Electrical Engineering, The 
Harvard Engineering School. 

Presented at the North Eastern District Meeting of the A.I.E.E., 
Schenectady, N. Y., May 10-1$, 19SS. 
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In these particular tests, three cable oils, widely di¬ 
vergent in their physical characteristics, were used. 
Compound (or oil) A is a light dear oil of low viscoaty 
and is described as follows: "a light oil especially pre¬ 
pared so that amorphous constituents are removed.” 
Its Saybolt viscosities are approximately 250 and 40 
sec at 30 and 100 deg C, respectively. Compoirad B is a 
paraflSn base cylinder oil having a Saybolt viscosity of 
160 sec at 100 deg C. Compound C is of a petrolatum 
base containing a small amount of rosin (about 6 per 
cent). The Saybolt viscosity-second characteristics of 
all three compounds are given in Fig. 3 of bibliography 
reference No. 2. 

All measurements were made on the mutual-induc¬ 
tance power-factor bridge which has been in use in The 



Fig. 1—Cooling Curves of the Three Insulating 
Compounds Tested 

Harvard Engineering School laboratories for some 
years past.* 

Cooling Curves 

It has been found that when compounds are heated 
to 100 deg C or thereabouts and allowed to cool slowly, 
the temperature-time characteristic frequMitly shows 
an abrupt change, usually near 60 deg C. Moreover, the 
elecfrical characteristics of many cable papers impreg¬ 
nated with compounds show abrupt changes or readb 
miiiima at or near this temperature. For example, the 
minimum of the V- or U-curves occur at or near thig 
temperature. (See Figs. 14,16, and 16 in bibliography 
reference No. 1; Figs. 4 and 6 in No. 6; pp. 38-46 in No. 

3. For numbered references see Bibliography. 
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9; also Nos. 11 and 12.) Possibly this change in slope is 
due to a change in the molecular structure of the com¬ 
pound which is accompanied by an internal thOTnal 
change. Cooling curves for these three compounds are 
given in Fig. 1. It may be noted that compounds A 
and B show no abrupt changes in slope; compound C 
shows such a change at 46 deg C. This may be due to a 
molecular change in the ro^ itself or to an intOTaction 
of the rosin content with other ingredients of the com¬ 
pound at this temperature. 

Power Loss-Voltage Gradient Characteristics 

As a rule, at room temperature, the power factor and 
dielectric constant of impregnated paper as functions 
of voltage gradient are constant.® This relationship has 
beenfoundalso by others.* Furthermore, inthe Harvard 
laboratories, this rdationship has been found true with 
pyrex and other glasses which are much more nearly 
perfect dielectrics than impregnated cable papers. 


temperatures at and above 65 deg C some of the constit¬ 
uents of (abetic amd) volatilize and changes occur 
in its composition. This effect has been reported also by 
Whitehead (p. 57 in refereace No. 10). The change in 
slope of these two graphs is undoubtedly due to wme 
change in the rosin content of the comjiound. It is to 
be noted, however, that both sections of each graph are 
linear. 

The foregoing graphs indicate that among cable im- 
pr^nating compounds there is a tmidency for the power 
loss to increase as a constant power of the voltage 
gradient. This exponential law has been observed by 
others.** Even at the two higher tenperatures for 
compound C this law appears to hold. The constats 
of the jfunetions at the higher values of volt^e gradient, 
however, differ from those at the lower gradients. 

The. slopes (ct in Table !) do not appear to have any 
definite relationship to the temperature. Above room 
temperature, slopes of less than 2.0 seem to predominate 




When the power factor and didectric constant do not 
vary with change in voltage gradient, the power loss 
must increase as the square of the voltage gradient. 
When the power loss varies as the square of the voltage 
gradient, the pow®: loss-voltage gradient characteristics 
when plotted with log-log coordinates are linear and 
have a geometrical slope of 2. Such characteristics for 
compounds B and C are given in Figs. 2 and 3. In each 
case the slope of the graph at room temperature (about 
20 deg C) is 2. Hence, at room temperatoe, the powM- 
loss in cable impregnating compounds VMiaUy increases 
as the square of Ihe voUage gradient. 

With the exception of the graphs at 65 and 80 deg C 
for compound G, the logarithmic power graph for each 
of these three compounds is a angle straight line at 
every temperature; at these two temperatures, for com¬ 
pound C, each graph conasts of two straight lines. 
Compound C contained rosin; it is well known that at 


r compounds A and C, whereas the dopes for com- 
)und B are all greater than 2.0. Wh^ the slope is 
ss than 2 the power factor decreases with increase m 
jltagegradient (seeeq (4)). Whitehead,Kouwe^oven, 
id Hamburger* explain this phenomaion as follows: 
rith the best impregnated paper, i.e., absence of inois- 
jre, the ions become more mobile at the highw tem- 
eratures and accordingly are swept out of the field 
lore rapidly by the increaang voltage gradi^ts. 
(unsheath** explains a rising power factor cha^cten^c 
3 bring due to inevitable particles of moisture be¬ 
aming more elongated under increasmg voltage 

radient. 

From the foregoing relationships, it follows ihat the 
ower loss pot unit volume is 


P = watts per cu am 


( 1 ) 


where K is the loss coefficient, E the voltage gradient in 
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volts per cm, and a the loss exponent. In Table I are 
given the values of K and a for the three compounds, 
A, B and C. 


TABLE I 


Oompound 

Temperature 
deg O 

a 

K (multiply by 
10-W) 


19.5. 

,...2.0 .. 



35.0. 

....2.15 .. 

. 0.916 

A . 

.60.0. 

_1.9 .. 

.18.9 


65.0. 

....1.84 

.65.9 


80.0. 

....1.875.. 

.98.6 


22.0. 

....2.0 .. 

.2.12 


36.0. 

_2.46 .. 


B . 

.60.0. 

_2.42 .. 

. 0.386 


66.0. 

....2.06 .. 

.3.95 


80.0. 

....2.03 .. 

.8.34 


24.0........ 

....2.0 .. 

3.34 


85.0. 

....2.06 .. 

. 3.06 


60.0. 

,...1,95 .. 

. 17.7 

C . 

.65,0*. 

....1.98 .. 

. 37.7 


66.Ot. 

_1.60 .. 

.2490.0 


80.01:. 

.1.96 .. 



80.0§. 

.1.42 .. 

.23,800. 


♦JS less than 66 kv per cm 
tiS greater than 66 kv per cm 

XE less than 64 kv per cm « 

§i? greater than 64 kv per cm 

The foregoing power loss-voltage gradient character¬ 
istics are not unique properties of carefully prepared 
impregnated paper samples only. In Fig. 4 are shown 
the power loss-voltage gradient characteristics of a 
10-ft sample of a 300,000-cir mil 6/82-in. (0.477-<an) 
wall impregnated-paper cable for several different 
temperatures. There are two sets of characteristics: 
one set was obtained before the cable had been sub¬ 
jected to any life test; the second set was obtained aftCT 
this cable had been subjected to 190.7-to life te^; the 
temperature undergoing a weekly cyclic variation of 
from 20 to 60 deg C and the voltage undergoing a 
weekly cyclic variation of from 0 to 42.6 kv. Under 
these conditions this cable showed only very slight 
ionization. It is to be noted that in ev^ case these 
characteristics are linear, indicating again that under 
these conditions the power loss varies as a co^tant 
power of the voltage gradient. Such characteristics are 
typical of many impregnated paper cables having no 
appreciable ionization. 

It is believed that the coeflacient K and the exponent 
a may be used as a basis for the comparison of cable- 
impregnating compounds. 

Power Factor Characteristics 

Equation (1) makes it possible to express Ihe power 
factor of an impregnating compound in analytical form. 
Thus the power factor is given by 

P m 

Power factor = ^ ' 


where C is the capacitance in farads per cu cm and co 
is 2ir times the frequency/. 

Prom equation (2), 

KE«-2 

Power factor = —— (3) 

It was foimd that the maximum variation of the 
capacitance C at any one temperature was 4 per cent 
for all three compounds. This was an extreme value 
occurring at 50 d^ C for compound C. For the most 
part, the variation was of the order of 1.5 per cent. 



Fiq. 4—(Left) Power 
Loss - Voltage Gradient 
Characteristics of 300,000- 
Cir-Mil Cable with 6/32- 
In. Impregnated Paper Insu¬ 
lation 


Fig. 5—(Below) Power 
Factor Characteristics of 
Compound A Plotted with 
Logarithmic Coordinates 



If an. average value be used, at the most the change in 
the capacitance C is only 2 per cent. Hence, for practi¬ 
cal purposes 

Power factor = (4) 

where K, is essentially a constant and equal to K/C w. 

If the power factor characteristic be plotted with 
log-log coordinates, the resulting graph should be linear 
and the geometrical slope should be a - 2. It is ap¬ 
parent that if a = 2, the dope is zero and the character¬ 
istic is a horizontal straight line, such as occurs af room 
temperatures. If a > 2, the dope is positive; if 
a < 2, the dope is negative. 

As an example, the log-log power factor character¬ 
istics for compound A are shown in Fig, 5 and the dope 
of each characteristic is dedgnated thereon. These 
characteristics are all linear. The dopes (a — 2) are 
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very nearly in accordance with the values of cl given 

in Table 1. , , * 4 . 1 . 

With each of the three compounds, the slopes of the 
power-factor characteristics for room temperature ^e 
all found to be zero in accordance with the foregoing 
analysis. With both compounds A and C, the slopes of 
the characteristics are both poative and negative. 

When the power factor characteristics are plotted on 
the usual coordinate paper, as a rule they are not 
exactly linear, but with the usual scales used they are 
nearly so. However, it is well known that their slopes 
are sometimes foimd to be positive and sometimes nega¬ 
tive. Whether or not their slopes are positive or nega- 
tive also depends on whether a is greater or less than 2 . 
Prigoni' also shows this last relationship. Each of the 
two characteristics at 65 and 80 deg C for compound C 


Power-Frequency Characteristics 

In electrical measurements over the limited ranges of 
power frequencies made with many different dielectrics, 
the authors have alwa 3 rs found that if the dielectric was 
homogeneous, the power loss at constant teinperature 
and frequency varied almost as a linear function of the 
frequency. This relationship has been found to hold 
with such high grade dielectrics as glass and pyrex,* 
with carefully impregnated pap^ insulation such as 
with the three compounds. A, B, and C, and even with 
cables which have negligible ionization. Prigoii^ in his 
tests of impregnated papers also shows this same 
relationship. (The authors realize that thk linear rda- 
tionship does not exist over extremely wide ranges of 
frequency because of the Debye dipole effect.^ ■“) 


IIBSBSBh 
JSHHH 



ilssisra 


■MKr 


20 30 40 50 80 70 

FREQUENCY , CYCLES PER SEC 

Fig. 6 —(Above)PowbiiLobs-Fki3qubn- 

CY Charactkiusticb for Compound A 
Fig. 7—(Center) Powkr Factor- 
Frequency Charactbuibtics for Com¬ 
pound B ^ 

Fig. 8—(Right) Series Resistivity- 
Frequency Characteristics for Com¬ 
pound A 





30 40 

FREQUENCY 


50 60 70 , 80 

, CYCLES PER SEC 


30 40 50 60 

FREQUENCY, CYCLES PER SEC 


is found to have two slopes, which is in accordance with 
the changes in slope of the power characteristics m 

It may be observed that with a few of the character¬ 
istics, the relation of the plotted points to the chamcter- 
istics indicates poor precision. This is due to the fac 
that the slopes are the differences of two nearly equal 
quantities a and 2 and hence the differences usually are 
very small, relatively to a and 2. As an extr^e e^ 
ample, in lig. 2 consider the characteristic at 80 deg 
where a = 2.08. An error of only 1 per cent in the 
value of a produces an error of 600 per cent in the slope 
of the power factor characteristic. Hence, these power 
factor characteristics are sensitive mteria of prw^on 
and the values of ain equation (1) may be obtained from 
them with much greater precision than from the power 
characteristics themselves. 


The power-frequency characteristics for compound A 
at constant voltage gradient of 49.2 kv per cm (125 
volts per mil) and for various temperature, are given 
in Fig. 6 ; they are typical of those for the other Iwo 
compounds. These characteristics are hnear, except 
that the characteristic at 80 deg C shows very slig 
curvature. For most practical purposes, however, tne 
Unear relationship may be assumed and the power ex- 
pressed by the equation 

p ^ Pj m/watts per cu cm (5) 

where Po is the intercept of any characterise wit^ the 
power axis, OT is the slope of the ^aractenstic and / the 
frequency. Obviously Po is the inferred power loss per 

cu cm at zero frequency or with direct current. 

In Table II are given the frequency constants Po and 
™ onmnounds for different temperatures. 
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TABLE II 



Temperature 



Oompotind 

deg 0 


jnt 


19.6. 

_0.1. 

...0.0076 


35 .. 

_0.26. 

...0.017 

A . 

.60 . 

....0.65. 

...0.0094 


66 . 

....1.0 . 

...0.026 


80 . 

_1.2*. 

...0.086* 


22 . 

_0.04. 

...0.0076 


36 . 

...,0.14. 

...0.018 

B . 

.60 . 

_0.36. 

...0.009 


65 . 

_0.66*. 

...0.0146* 


sn . 

_1.63. 

...0.0201 


24 ..._ 

_0.16. 

...0.0091 


.42 . 

_0.06. 

...0.026 


60 . 

....2.3 . 

...0.032 


80 . 

....2.3 ....... 

...0.0726 


*i‘XTp to about 60 or 65 cycles. 
tMultiply all values by 10"*. 


Power Factor-Frequency Characteristics 

From equation (S), it may be shown that the power 
factor-frequency characteristics for such compounds 
are essentially rectangular hyperbolas. 

For example, the power factor 


Power factor = 


P Po + mf 
EKJa “ jE7*C(2ir/) 


Po m _ _o 

where a and h are essentially constant. 



Fig. 9—^Powbk Lobs-Thmpebaturb Chabactekistios pob 
COMPO trND A AT Dippbebnx Feequenoibs 


compound B at a constant voltage gradient of 49.2 kv 
per cm, (126 volts per mil) for diffar^t temperatures. 
It may be observed that these characteristics are 
rectangular hyparbolas in accordance with equation (6). 
(Corresponding characteristics for compounds A and C 
areverysimilar.) Frigon^^showsthissametypeofcharac- 
teristic, but does not attempt to derive the functions. 



Fr om equation (6) the power factor approaches b, or 
m/(2irB*C), as the frequencqr is increased, provided the 
dipole molecular effect does not occur. With compound 
B at 65 deg C, o = 0.1635 and b = 0.00363. At a fre¬ 
quency of 60 cycles, the power factor is equal to 
0.00327 + 0.00363 = 0.00690. 

Hence, at this temperature and frequency, the two 
terms in equation (6) are almost equal. 

Equivalent Series Resisitvity 
The equivalent series resistivity is 

PP 
P ~ p “ £72(7® CO* 


When it is dedred that p become a function of the volt¬ 
age gradient E, at constant temperature and frequency, 
equation (1) may be substituted in equation (7) giving 


P ~ EKl^cii'^ 


K 

C*w* 




2 


( 8 ) 


The first term of equation (6) is the well-known equa¬ 
tion of the rectangular hyperbola; the second term is 
constant. Hence, equation (6) represents a rectangular 
hyperbola in the first quadrant with the power axis 
as one as 3 nnptote and a line parallel to the frequency 
axis, + 6 watts from it, as the other asymptote. Fig. 
7 gives the power factor-frequency characteristics for 


Since C is essentially constant for any given tempera¬ 
ture and over the usual ranges of voltage gradient, 
equation (8) is tiie same form of function as the power 
factor characteristic. It is generally true that the 
equivalent series resistivity and the power factor 
characteristic are dmilar m form as already has been 
shown by one of the authors.® 
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When p becomes a function of temperature, at con¬ 
stant frequmicy and voltage gradient, the function is 
essentially that of the power-temperature charaetaistic. 
When p becomes a function of frequency, at constot 
voltage gradient and temperature, the function is a 
combination of a rectangular hyperbola and an inverse 
square function. For example, from equations (5) and 

(7) 

P * “ (2vECy \ P ^ ^ ^ 


The coefficient of the parenthesis is essentially con¬ 
stant. ‘The ffist term in the parenthesis is an inverse 
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Power-Temperatum Characteristics 

It was found possible to resolve the power-tempera¬ 
ture characteristics into two simple exponential com¬ 
ponents. This analysis is found to be valid for the 
family of characteristics plotted with constant voltage 
gradient, but with different values of frequency (Fig. 9). 
Fxcept for the very lowest portions of the characteristics 
for compound G, the analyas is valid for the family of 
characteristics plotted with constant frequency and 
with different values of voltage gradient (Fig. 10). 

Consider Fig. 11, which gives the power-temperature 
characteristics dbe at both 30 and 60 cycles for com¬ 
pound A (from Fig. 10) plotted with log-log coordinates. 
Up to 50 deg C each characteristic is linear, showing that 
up to this temperature the power increases as a constant 
power of the temperature. At 60 deg C, the upper 
portion be of the graph departs from the lower linear 
portion ab and lies above bd, the lower linear portion 
extended. At temperature Tc, corresponding to point b, 
the characteristic departs from the ample initial ex¬ 
ponential law. However, if the portion bd be subtracted 
from the portion be and replotted on log-log coordinates, 
as shown by characteristie B, the resulting p.ph also 
is found to be linear. Thus, beyond the critical tem¬ 
perature To, the power is represented by the sum of 
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Fia. 11— ■Power Losb-Temperaturiq Characteristics of 
Compound A, Plotted with Logarithmic Coordinates 

square term and the second term used alone gives the 
equation of a rectangular hyperbola. Hence, the 
equivalait series resistivity characteristic is the sum ot 
an inverse square function and a rectangular hypwbola. 
A family of these characteristics for compound A is 
shown in Fig. 8. 

Equivalent Parallel CoMoucynviTY 
The equivalent parallel conductivity is 

(10) 

yp 

Hence, the equivalent parallel conductivity function 
is of the same form as the power factor function 
in equation (4).“ From equation (5), 7 p as a function 
of frequency, wth constant temperature and voltage 
gradient, is linear being similar to the power-frequency 
function. 





o 10 20 30 40 ^ 

® temperature, deg c 

12 —Components op Power Loss-Tbmpbbatttre 
Characteristics of Compound A 

two exponential characteristics A and f; 8?^ 

metrical slope and hence the eiqpon^t of the faction 
is denoted on each characteristic. The characteristics 
shown in Fig. 11 are re-plotted in Cartesian coordmates 

total power P may be expressed as the sum of 
two components 

P = A + B ( 11 s) 

= aT" + bT’^ (111>) 

where a and 6 are coefficients and n and p me 

all constant at any one frequency and voltage gradient. 
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the second terms arc zero lielow the critical temperature 
Tc. The exponent n is of the order of unity and de¬ 
creases with incre;ise in frequency. 'I'he constant a, 
when used in connection with watts per cubic centi¬ 
meter, varies from nearly zero at 20 cycles to the order 
of 0.05 to 0.1 at 70 cycles for compounds A and B; 
for compoujid €, n is of the order of from 2 to 4 and a 
varie.s from zero to 8 x 10 The variation of these two 
constants with frequency for ail three compounds is 
shown in Fi^. 18. 



Km, la Vai.» i:’4 w n ANtm *ik Hmca'I'hin" (llb'l Koii am. Tiiubb 

I’tiMIMiPNDH 

For compound (' at the lower frequencii'S, the com- 
pom>nt H hecoitn‘.s iwkuI ive. In Fin;. 14 are slmwn three 
poWiT-lemperalun^ <4iara<tteristics of <!ompound 
(1 for <>«, 4.5, :ind 8d cycles at :t constant voltutce gradi¬ 
ent of 4!K2 kv per tan (12.5 volts per mil). It may he 
mitetl that at lU) ttycle.H the portion hr of tlie character¬ 
istic liw above the straight line «M; at 4.5 cycle.s there 
i.H no deviation from a straight, line relalionship, show¬ 
ing thjit the B component i.s zero at all temperatures; 
at 80 cycles the portion hr of the characteristic lies 
below the straight lint^ M, .showing that the B com¬ 
ponent of the powt?r characteristic is negative. How¬ 
ever, at l«»fh (50 and 80 cyckst the B comisment of the 
|K>wer lews sf ill follows the simple exponential law, as is 
shown by the chanutl eristic B for both these frequencies. 

The values of the <rnnstanfs h and /> for the three 
compounds are given in 'Pable HI. 








mte A 


h p f* 


7I» 

m 

40. 

;o» 

5*0 

10. 


. if iuH%w 
, 0 , l‘i **<10 
,24.0? »io 
. 0 10,11. HI 


H 1*0 
n. r%0 
.7 40 
.H m 
7 


II otmxitt 

,0 HO SfclO 
.4 o:i *10 
o. i2'»xio 
1) 211*10 


. .7 0 

. .n.oi 
, .0,14 
. .H.H4. 


,0 012X10"’^. . .6,OS 
0.701x10*^. 


.0.102x10“**...S.fiO 


O 010x10'** S <50 


It 18 inUmsting to note that tVigon^* also expressed 
portions of hw power-temperature characteristic as two 
logarithmic functions. However, his charactenstics 


were of the U or V type. He gives the power P as 
follows: 

From OdegCto 25 deg C P = mT-®-* 

70 deg C to 110 deg C P = oT*’® 

where P is power, m and o constants, and T temperature 
in deg G. 

The first term applies to the portion of the character¬ 
istic at the left of the minimum and the second term 
to the portion at the right of the minimum. It is also 
interesting to note the similarity of the content and 
analyses of this paper to those of Frigon, although the 
Frigon paper was not discovered by the authors until 
after this paper had been prepared. It may be noted 
further that none of the three samples described in this 
paper shows any tendency toward the well known U or 
V power or power factor characteristics. This may well 
be due in part to the dielectric characteristics of the 
paper itself. 

The analysi.s of the power loss in these compounds 
into two exponential components appears at this time 
to be only empirical. However, two factors seem to 
have some significance: First, the critical change occurs 
at or very near 50 deg C; other investigators have found 
this temperature to be critical in relation to the elec- 



Kl«. 14—l^OWStt LOBa-TBMPBKATDUE ChAKAOTHMSTICS OB 

CoMi'otiNW C FOB Thmiii Dipphbbnt Pbkqvbn<3ii!18, Plottbd 

WITH LoflAnWHUIC COOBDINAI’BS 

Potoutlot gradient, 49.2 kv per cm (126 volt* per mil) 


trical characteristics of compounds of this character. 
Second, the power losses, whether functions of voltage 
gradient or of temperature, have a tendency to follow 
an exponential law. It is well known that ionization 
currents in gases, for example, such as are ^ven by 
Townsend’s continuity theorem, are exponential^ in 
character. Hence, it may he shown at some later time 
that the foregoing relationships are due to inherent 
characteristics of the molecular relationships within the 
dielectric. 






7t8 


DAWES AND HUMPHRIES 


Transactions A.I^.E. 


Conclusions 

1. An abrupt change in the slope of the cooling curves 
of some cable compounds occurs in the neighborhood of 
50 deg C; this may indicate changes in the molecular 
structure. 

2. It appears to be a general law that the power loss 
in cable compounds varies as a constant exponential 
power of the voltage gradient, the exponent usually 
being 2 at room temperature; at higher temperatures it 
may be greater or less than 2. 

3. The power factor characteristics of cable com¬ 
pounds are exponential functions of the voltage 
^dient, the exponent being related to that for the 
power characteristics. 

4. The power-frequency characteristics are essentially 
linear, having a positive intercept at zero frequency. 

' 6. The power factor-frequency characteristics are 
essentially rectangular hyperbolas. 

6. The equivalent series resistivity-voltage gradient 
characteristic is the same type of fimction as the power 
factor-voltage gradient characteristic. 

7. The equivalent parallel conductivity-voltage gradi¬ 
ent characteristic is the same type of function as the 
power factor-voltage gradient characteristic. 

8. The power-temperature characteristic for con¬ 
stant frequency and constant voltage gradient appear 
to conast of two terms, each of which is a constant- 
exponential function of the temperature. 

The authors are indebted to Dean H. E. Clifford of 
The Harvard Engineering School for his helpful sug¬ 
gestions in the preparation of this paper. 
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Discussion 

R, Reiter: Referring to Fig. 2, or Table I, of the paper, note 
that the slopes of the power loss-voltage gradient characteristics, 
given by the power loss exponent a of the voltage gradient, 
reach a maximuni in the range of temperature va^tion em¬ 
ployed. Other investigators, for example Debye*, Kitchin,* and 
Race, have found similar critical characteristic peaks when they 
varied the operating temperature or frequency of their materials, 
which consisted of single chemicals such as glycerin, and more 
complicated compounds such as oils. It is possible that, as in 
the case of the turbo-alternator set, critical points exist which 
must be avoided by the cable designer in choosing and using 
cable materials, and in specifying the proper operating range of 
the finished cable. Professor Dawes’ work can be used to ad¬ 
vantage in determining the proper design constants and thus 
can reduce materially the factor of ignorance which is now known 

to be high. , , 

Eric A. Walker: The writer recently has been conducting 
numerous tests at the Harvard Engineering School, to determine 
the relationship between the electrical characteristics of cables 
and tbe frequency. It was found that the power loss in im¬ 
pregnated paper insulated cables was given by the function. 

p « Po -h m/“ (1> 

where 

P is the a-o power loss in watts per 1,000 ft. 

Po is the d-o power loss in watts per 1,000 ft. 

m is a constant for any one voltage and temperature. 

f is the frequency in cycles per second, 

OJ is a constant exponent for any one voltage and temperature.. 

Then the 


Po 


m 


power factor « Kf Kf^-“ 


where 


K » 2TrE^C 


( 2 > 


C the capacitance in farads. 

If a « unity these equations are identical to those given by 
Professor Dawes, and equation. (2) represents a reotai«ular 
hyperbola with one asymptote displaced from the frequency 

axis by a constant quantity. ,. , x* 

Po was measured accurately by applying a high contmuous 
voltage and measuring the steady-state leakage current. e 
power loss P with alternating voltage was measured with a- 
Dawes-Hoover bridge. io/aa 

For a 360,000 djr-mil stranded conductor cable with :w/64 
inch (7.62 mm) wall impregnated paper insulataon, at 13,950 
volts and room temperature, P« 

1,000 ft and P at 60 cycles per second was ^.2 watts per LWO ft. 

However, as ip shown in 1, ™ ffiHtfelS 

unity but equal to 0.966. By mspeoting equation (2) J* « ^ 
that the power factor-frequenoy characteiistac is not» 
lar hyperbola but is a characteristic which rises more 
than a reotangidar hyperbola as the frequency decreases. is 
function is shown in Fig. 2. 

.This work is ioscrlbed to Gemant's “Eloctrophyslk der IsoUerstoffe.” 
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It is evident also that it a -were greater than unity the power 
factor might decrease as the fre«iueney is decreased, for then we 
have 

power factor = (3) 

iLjf 

as is sbown from tbe d-c measurements greatly exceeds Po 
and as wiU decrease with frequency for values of a from 

1 to 2, the power factor also may decrease. 

The equivalent series resistance as determined by Professor 
Dawes is given by: 

P _P^ . _EL_ (4) 

^ K'P K'P-" 

where K* = {2tE€)^ 

If, as has been shown Po is negligible compared with «n/“, and 
ct equals unity the equation represents a rectangular hyperbola. 
However as a in the cable under discussion equals 0.965 the 
characteristic rises more rapidly than a rectanguto hyperbola 
as the frequency is decreased. In Pig. 2 the equiv^ent series 
resistance characteristic for this cable rises more rapidly than a 
rectangular hyperbola. 



Fig. 1—^PowER Loss vs 
Prbqxjbnct 

Omve A—-360.000-cir mil 
stranded conductor 19/64 in. 
■wall impregnated paper insu¬ 
lation—13,960 volts, 20 deg 
60 

Curve B—^No. 6 solid con¬ 
ductor 7/32 in. wsdl rubber 
insulation— 7,000 volts* 20 
deg 6 0 


Very different characteristics were obtained when rubber- 
insulated cables were tested. For a No. 6 solid copper conductor, 
7/32 inch (5.65 mm) wall rubber insulation at room temperature 
and 7,000 volts the power factor is a linear function of fre¬ 
quency from 10 to 60 cycles per sec. The characteristic for 
frequencies from 10 to 60 cycles is given in Fig. 3. By e^r^ 
polation the power factor at zero frequency becomes zero. This 
seems anomalous for under continuous voltage conditions, after 
the transient has subsided, the power factor equak umty. How¬ 
ever the definition of the power factor as the cosine of the angle 
between the voltage and current loses its significance with 

continuous voltage. . , . 

The equivalent series resistance and the equivalent series 

capacitance remain constant with change of frequency. 

With an equivalent series circuit to represent the dielectric: 

_ KE^ (power factor)^ 

power - series resistance 

Therefore the power should be an exponential function of 
frequency. This is shown by curve B in Fig. 1 where power is 
plotted as a function of frequency on log-log coordinate paper. 


The slope of the characteristic is 2. Therefore for this-tubher' 
insTilated cable 

P = Po + bjP 

where Po at 7,000 volts aadroom temperature = 0.0077 watts/ 
1,000 ft aud is negligible above 10 cycles per second; 6 is a conr 
stant aQdisequalto2.83 • 10”“E*. _ . ■ 

J. B. Whitehead, Most of tbe behavior sho-wn for imp^-; 
nated paper by Messrs. Dawes and Hnmphries be accounted 
for in terms of the theory of dieleetric absorption. Under tto 



2_^PowBR Factor and Equivalent Series Resistance 

vs Frequency 

360.000-dr mU stranded conductor 19/64'in. impregnated paper Insula¬ 
tion—18,960 volts, 20 deg 5 O 



jiiQ, 3 —Power Factor and Equivalent Series Resistance 
. vs Pebqubnct 


No. 6 solid conductor—7/82 in. wall rubber insulation—7,000 volts, 
20 deg 5 O 


theory power loss increases as the square of the voltage gradient. 
At higher temperatures the increase in the conductivity of the 
oil causes a more rapid rise with voltage. At low temperatures 
power factor is independent of the voltage gradient and either 
may rise or fall at higher temperatures, depending on the initial 
conductivity or ionic content of the oil. Power loss is propor¬ 
tional to frequency, but also proportional to power factor, and 
the latter either may rise or fall with frequency. Consequ^tly, 
the power frequency relationship is not simple. In the writer’s 
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• • ♦iiii -nn-wfl-r factor frequency curve is not a hyperbola, 

STS’o^es as the authors have shown them, if extended to 
but tne ourv j through a maximum decreasing to 

ITniSt in ««. o< 

tempwnnire oarw of impregniitod paper. M affected by 
S^ISScs of .be on, W be 

DieUclric Losses in Impregnated Paper, A.I.E.E. Tuans., June 

1933, p.W7^ Mr. Walker finds that with a commercial fan- 
nnnAi- cable the alternating current component of 
pregnato P P r^g-nase proportionately to the frequency as 

by the authors for carefully impregnated flat sam^^ 
was Tte two exponents differ from 

each Other omy oy o.op similar dielectrics are 

Terence cannot be attributed to errors iu 
™ent sSce thTpreoision wae far too high to permit a 
n nf qs ner cent. It can be shown theoretioally that 

iiritoVomogenTOUS insulation the power loss as a function of ^ 
with * . whether the sample is flat or oyhndn- 

S“'Lls1fe5 a imewhat similar discrepancy ^sts 

the actual dieleotrio strength of homogeneous oylmdnoal 

in tbo »pon«nt. which 

J pow« (»«•» Chd cnlvctot ,™c. rcitocc rcInOoni.®, 

tuJSthfOSS increased at a higher power of the vidtafie 

IQS dee C is 2.0 whereas at 80 dog C it is but 1.875. 

for ccmpcnnd 0 .. «» hlglfo. tcmp«.t.,c » 


siderably less than at room temperature. The expon^t for com¬ 
pound B reaches a maximum of 2.4 at 50 deg C and is only 2.03 
at 80 deg C. aiwilar relationships occur with the 300,000 eir 
mil cable whose oharaoteristios are shown in Pig. 4. Hence the 
more rapid rise of loss with voltage gradient at the higher tem¬ 
peratures to which Doctor Whitehead calls attention and which 
undoubtedly is due in a large measure to an increase in the 
conductivity of the oE obviously is not ^yen by an in 

the voltage gradient exponent. Further mspeotion of Table I 
shows however, that the coefficient K increases very rapidly with 
temperature. For example, with compound A the val^ of K 
at 80 deg C is 98.6 compared with 1.718 at 19.6 deg C. Thns the 
more rapid increase in loss with volt^e gradient at the higher 
temperatures is accounted for by an iuorease in the power loss 
coefficient and not in the voltage gradient exponent. 

Doctor Whitehead’s statement that power loss is proportional 
to power factor obvious^r is correct, but in attempl^ to anal^e 
the properties of dieleotrios wo find it more ^ple to TOnsffier 
newer loss as a fundamental property of the dieleotne rather than 
the power factor. The power factor is a tootion of two P«>Pe^ 
ties, power loss and voltampores, and the volt^p^ m turn 
are proportional to the permittivity. Theperrmttivily obvious^ 
is a fundamental property of the dielectno. Henw it ap¬ 

pears more rational to consider power loffl rather than power 
factor as a fundamental criterion of dielectric 
* It may well he, as Doctor Whitehead states, i^t the power 
factor frequency characteristics arc not reotat^ulM hyperbo s 
to fci^oios at or very near aero since the pow» factor may be 

be rectangular hyperbolas in the frequency range of from 75 to 
20 evoles. The region between zero frequenoy^d the very 

difficulties in extending the frequency betow 16 cycles are weu 
Trusttwould seem that the characteristics would re- 

iChofo. ht le». 10 freaomofo. th.. 

mSeVS the°^S2 fSStoS W thusjiviug 

frequency. WiSer states that with rubber 

rdiTSioThThSl^^S it 

available, partieularly data “®“ SeOTerrome at some time 

^ ^ 

ineasuremenfcs continues. 



Loss Characteristics of Silicon Steel at 60 Cycles 

with D-C Excitation 

BY R. F. EDGAR* 

Assodate, AJ.B.S. 


I NTEREST in the loss characteristics of sheet steel 
subjected to combined alternating and direct mag¬ 
netic fields is of long stanc^g. Previous work on 
the subject includes tiiat r^orted by M. Rosenbatun^ 
and F. HoW in 1912, by J. D. Ball®, and L. W. Chubb 
and Thomas Spooner * in 1916 and '21, and by Y. Niwa, 
Y. Asami', J. Matura, and J. Sugiura^ in 1928 and '24. 
(For numbered references see Bibliography.) 



Fig. 1—Wave Fobhs ot lmvcm> Voi/rAGii, Flux Denbut, 
AND Exciting Cubbent wits Cobbxstondikg Htstbbbsis 
Loops, Showing the Efitiot of D-C Excitation 


a —Altematiiig fliix density (one-half total pulsation) 
d —^Direct flux density (average over a complete cycle) 
p —Peak flux density (maarfmum la each cyde) 
ji9--AmpUtude of exdtdng-curreat pulsation 
ff —Direct component of ezdtlng current (average current) 

2 —Peak value of exciting current 

Subscript 1 refers to conditions 'with no d-c excitation 

Subscript 2 refers to conditions with d-c exdtatloxL 

There are a number of applications in which either 
power transformers or instrument transformers may be 
subjected to d-c excitation. The a-c core-loss and 
excitation diaracteristics of tibe core matmal under such 
conditions are of importance, for they affect the rating 
of the power tranrformers and the accuracy of tiie 
instrument transformers. Combined alternating and 
direct magnetic fields are present in otiier tj^es of 
apparatus also, affecting their perfoimance by chang¬ 
ing the characteristics of the magnetic circuits. 

The diagrams of Fig. 1 illustrate tiie diange of the 
cycle of magnetization whirii is caused by a direct 
component of exciting current. The flux wave and the 
corresponding hysteresis loop are shifted from thrir 
symmetrical positions by a direct component of flux 
density. The shape of the hystere^ loop is changed; 
in general, its area, which represents the hysteresis loss 
per cycle, also is changed, although the amplitude of 
pulsation (vertical lengtii) remains the same. 

‘General Electric Co., Sclienectady, N. T. 

PresetUed at the North Eastern District Meeting of the A.I.E.E., 
Schenectady, N. Y., MaylO-lS, 19SS. 


The eddy current loss, being a function of the effective 
value of the induced voltage, is not affected by the direct 
component of flux dentity, if, as assumed in Fig. 1, the 
amplitude and form of the flux and voltage waves re¬ 
main undianged. The assumption regarding the form 
of the voltage wave is only approximately correct, how¬ 
ever. Changes in the exciting current wave form and 
amplitude will react upon the impedance in the magne- 
titing circuit to distort the wave form of the induced 
voltage; so that the eddy current loss will be changed 
somewhat. 

The change in the exdting current is associated with 
the change in the shape of the hystereds loop. 'The 
general dope of the loop is decreased, so that the same 
pulsation of flux d^idty (vertical length) requires a 
much greater pulsation of exciting carrot (horizontal 
length). Thus, in Fig. 1, the amplitude of the exciting 
current pulsation (zs, xi) is much greater for the dis¬ 
placed than for the symmetrical flux wave, although 
the amplitude of flux pulsation (og, Oi) is the same for 
both. There is, of conrse, a small component of excit¬ 
ing current due to eddy current loss, which is neglected 
inFig.l. 

The converse effect, that of superposed arC excitation 
on the d-c exdtation is illnstrated by the diagrams of 


hysteresis loops 

!Fig. 2—Wave Forms of Induced Voltage, FLtJX Densitt* 
AND Exciting Current, with Corresponding Hysteresis 
Loops, Showing the Effect op Varying Flux Pulsation on 
THE Direct Component of Excitation 

d, p, as. V, z —Same as in Fig. 1 
Subscript 1 refers to conditions with a smaU flux pulsation 
Subscript 2 refers to conditions with a large flux pulsation 

Fig. 2. The two flux waves have the same direct 
components of flux density (di, d*) but different alter¬ 
nating components (a,, a.). The direct components of 
exciting current (yi, ys) are quite different. 

The changes in the shape of the hystereds loop illus¬ 
trated in Figs. 1 and 2, have been shown in detail by 
several of the investigators mentioned previously. This 
paper describes a series of a-c core loss and exdtation 
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tests with superposed d-c exdtation which recently were 
made on low-, medium-, and high-silicon sheet steel, 
and presents in detail the results for the first and the 
third of these three grades. 

Methods op Test 

The tests were made on 20-lb laminated ring samples 
9.45 in. outside diameter by 6.3 in. inade diameter. 
The rings were wound with uniformly distributed pri¬ 
mary and secondary windings of 200 turns each, the 
primary beir^ outside of the secondary. 



Fig. 3 shows the apparatus and circuits used, and 
makes dear the mediod of supplying the combined 
alternating and direct current to the primary winding 
of the sample. The core loss was measured with an 
astatic reflecting dynamometer wattmeter. The 
secondary volts^e was measured with both a flux volt¬ 
meter® ■“ (reading average rectified voltage times 1.111) 
and an rms voltmeter, thus allowing both the alter¬ 
nating flux density and the secondary copper loss to be 
determined correctly, for a distorted voltage wave form. 
The use of the two voltmeters also allowed the eddy 
current loss to be corrected for a distorted voltage wave 
form, in separating the two components of the total core 
Ipss. 

!. The direct flux density was measured with an over¬ 
damped ballistic galvanometer connected to a single- 
turn coil on tile sample, deflections being read as the 
direct current was reversed. Several reversals were 
made each time before recording the deflection. A 
high-reactance choke coil was coimected in series with 
the galvanometa* to insure a negligible alternating cur¬ 
rent and negligible loss in that circuit. The galvanom¬ 
eter was calibrated by means of a standard mutual 
inductor, its sensitivity being adjusted by a shunt 
resistance. 

In making the tests, the flux voltmeter reading, and 
consequently the alternating flux density, was held 
constant at each desired value while the direct current 
was varied in steps over as great a range as the current 


carrying capacity of the primary winding permitted. 
The sample was demagnetized each time before pro¬ 
ceeding to tiie next value of alternating flux denaty. 
Considerable time was allowed between readings with 
no power on, in order to minimize heating of the sam¬ 
ple, and consequent error in the calculation of the eddy 
current loss. 

In separating the total core loss into hystereas and 
eddy current components, the percentage of eddy cur¬ 
rent loss with no d-c excitation was taken from the 
results of numerous separation tests previously made 
on the same material, and it was assumed that the 
eddy current loss was not affected by superposed d-c 
excitation except as the voltage wave form was dianged. 
At high densities, where a difference in the readings of 
the two voltmetCTS indicated a distortion of the voltage 
wave form, the calculated eddy current component was 
multiplied by the square of the ratio of the rms voltage 
to the flux voltmeter voltage before subtracting it from 
the total core loss. This correction was necessary be¬ 
cause the calculated eddy current loss was for a ane 
wave form of voltage, and therefore somewhat less than 
that actually easting with the distorted voltage wave. 

The exdtation tests were made in a similar manner, 
eccept that the total rms current and the direct current 
were measured, instead of the power in watts. An rms 



figures on curves represent alternat¬ 
ing flux density in kUolines per sq in. 



Figs. 4 and 5.—^Hystbrbsis Loss vs. Direct Flux Density 
WITH Various Alternating Flux Densities, fob Low-^Silicon 
Steel (Left) and (Right) for High-Silicon Steel 


ammeter and a d-c ammeter were connected in series 
with the primary winding, and the wattmeter and the 
rms voltmeter were switched out of the dreuit. The a-c 
component of exdting current was determined from the 
equation 

Results 

The silicon contents were approximately 2J^, 3Ji, 
and 4 per cent for the low-, medium-, and high-dlicon 
steels, respectively. Each material was annealed before 
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the samples were punched out. The low-silicon steel 
sample was punched from sheets 0.019 in. thick; the 
medium- and high-dlicon steel samples were pimched 
from sheets 0.014 in. thick. 

Results are presented graphically in Figs. 4 to 11 
inclusive. Only the hystwesis component of core loss 
is given. Alternating flux density values refer to half 
the amplitude of flux pulsation, and direct flux density 
values to the average flux density over a complete 
cycle; arc excitation values refer to the effective value 
of the alternating component and d-c excitation values 
to ihe average current over a complete cycle. 

The alternating flux density ranged from zero to 
18,000 gausses (116.1 kilolines per sq in.), and the direct 
flux density from zero to 15,600 gausses (100 kilolines 
per sq in.) the highest value of the sum of the two com¬ 
ponents bong approximately 20,000 gausses (129 kilo¬ 
lines per sq in.). 



Figures on curves represent direct 
flux density in Idlolines per sq in. 



Figs. 6 and 7—^Htstebbsis Loss va. Alternating Flex 
Density with Various Direct Flex Densities, for Low- 
Silicon Steel (Left) and (Right) for High-Silicon Steel 


Throughout the range of flux density for which the 
solid-line a-c fescitation curves of Figs. 8 and 9 are 
plotted, the form factor of the induced voltage did not 
vary from 1.111 by more than 1 per cent. For the 
dotted-line curves of Figs. 8 and 9, with the exception 
of the two uppermost curves, the form factor of the 
induced voltage wave did not vary from 1.111 by more 
than 4 per cent, and for the two uppermost dotted-line 
curves it did not vary from 1.111 by more than 9 per 
•cent. 

Curves for the mediinn-silicon steel (not included in 
the paper) were similar in form to those for the other 
twojgrades. 

Discussion op Results 

Hyst^ms Loss. Inspection of the curves of Figs. 4 
and 6 shows that for alternating flux densities of 14,000 
gausses (90.3 kilolines per sq in.) and greater, the 
hj'stereas loss tends to deaease immediately as direct 


flux dentity is superposed; for alternating flux dentities 
of 12,000 gausses (77.4 kilolines per sq in.) and less, it 
tends first to increase to a maximum, and then to 
decrease. For these lower dentities, the h 3 ^teresis loss 
did not fall below the value without superposed direct 
flxix dentity. However, the final slopes of some of the 



Fig. 8—^Alternating Flex Density vs. A-C Excitation with 
Varioes Direct Flxtx Densities, for Low-Silicon Steel 

Figures on curves represent direct flux density in kilolines per sq in. 


curves (Figs. 4 and 5) indicate that such a reduction 
might occur if the direct flux density were carried high 
enough. 

In the range between the two densities given in the 
preceding paragraph, there is an alternating flux density 
for which the initial tendency of the hysteresis loss is 
neither to increase nor to decrease. It may be called 
the “critical” value. For the low-, medium- and high- 
silicon steels the critical values are approximately 
13,500, 13,800 and 13,200 gausses (87, 89, 85 kilolines 
per sq in.) respectivdy. Two of these are illusteted by 



Fig. 9—^Alternating Flex Density vs. A-C Excitation with 
Various Direct Flux Densities, for High-Silicon Steel 

Figures on curves represent direct flux density In kilolines per sq in. 


the dotted-line curves in Figs. 4 and 5. Values for the 
dotted-line curves were read from the curves of Figs. 6 
and 7, the critical alternating flux density being ap¬ 
proximately the denaty at which the curve for no direct 
flux denaty intersects that for 2,000 gausses (12.9 kilo- 
lin^persqin.). 
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Table 4 of Doctor Holm's paper® shows a critical 
value of 13,450 gausses (86.7 kilolines per sq in.) for 
motor sheet steel. Table I of the paper by Chubb and 
Spooner^ indicates a critical value of approximately 
10,300 gausses (66.5 kilolines per sq in.) for silicon steel. 
Apparently none of the other investigators referred^ to 
carried the alternating component of flux density high 
^ough to determine the critical value. 

The critical value indicated by the tests of Chubb and 
Spooner is considerably lower than the others, all of 
which are nearly alike. This may possibly be accounted 
for, at least in part, by the fact that the tests of Chubb 



Pig. 10 —Dibbot PijXTx Density D-C Excitation with 
Vabioits Altbbnating Flux Dbnsitibs, for Low-Silicon 
SthbIi 

Slgures on curves represent alternating flux den^ty In kilolines per sa in. 

and Spooner were made on a transformer rather than 
on a ring sample as were the present tests and those of 
Pr. Holm. 

These results also may be used to calculate approxi¬ 
mately the hysteresis loss which occurs when alter¬ 
nating flux waves of two different frequencies are com¬ 
bined to form a flux wave with pulsations. The loss for 
each cycle of tiie ptdsation dniing one low frequency 
cycle is found by taking an alternating flux density 
equal to half the amplitude of the pulsation and a diiwt 
flux density equal to the mean value of flux density 
during the pidsation. The losses for all the pul^tions 
in one low frequency cycle then are added to give the 
pulsation loss per cyde. The symmetrical hysteresis 
loss for an alternating flux density equal to the mas- 
mum flux density dtiring the cycle then is added to give 
the total hysteresis loss per low frequency cyde. This 
procedure assumes that the area of the minor hysteresis 
loops traced by the pulsations of flux is approximately 
the same as that of the minor loops of the same flux 
dendty range which have been repeated many times 
with a constant displacement, and that the area is the 
same whethOT the upper tips of the minor loops be on 
the normal induction curve or on the boundary of a 
large symmetrical loop. The paper by Spooner® shows 
that these are approximately true, although the first 
miriftr loop is somewhat larger than succeeding ones, 
and the area varies slightly with horizontal displacanent 
of the loop even though the vertical displacement is 


constant. The minor loops also may slightly affect the 
area of the symmetrical loop. Unfortunately, no date 
appear to be available to determine the extent of this 

ExdtaMon. The first group of exdtetion curves 
(Pigs. 8 and 9) shows that for any given alternating flux 
density, superposed d-c excitation increases the re¬ 
quired a-c excitation. The solid-line curves of Figs. & 
and 9 represmit the rms exdtetion corresponding to a 
sine wave of induced voltage, since for the range they 
cover, the form factor of the induced voltage was 
within 1 per cent of 1.111. The values of exdtetion 
given in the dotted-line curv^, for wMch the wave form 
became somewhat distorted, are higher than would 
have been obtained with a sinusoidal voltage wave. 

The second group of exdtetion curves (Fi^. 10 and 
11) shows the ^ect of sup«T)osed a-c ^dtetion on the 
direct flux dendty and the d-c excitation. In the range 
from zero up to 11,200 gausses (72 kilolines per sq^ in.) 
approximately, depending on the mat^, the direct 
flux density for a given value of d-c exdtetion is some¬ 
what increased by small amounts of superi^sed dter- 

nating flux density; larger amounts decrease it. Neither 

the exact extent of the direct flux denaty range nor the 
value of the alternating component giving the greatest 
in/» ro?-gft of direct flux denaty could be determined be¬ 
cause of lack of data for alternating Aim densities be¬ 
tween zero and 2,000 gausses (12.9 kilolines per sq m.) 



Fig. 11 —^Direct Flux Density vs. D-C Excitation with 
Variotjs Alternating Flex Densities, for High-Silioon 
Steel 

Figures bn curves represent alternating flux denrity In kilolines per sq in. 

Direct flux densities above this range are not inaeased 
at all by superposed a-c excitation, but are immediately 
decreased. 

Conclusions 

1. These tests constitute an addition to existing 
core loss and excitation date which will be helpful in 
designing apparatus in which combined alternating and 
direct magnetic fields occur. They will asast also in 
predicting the performance of existing derigns when 
subjected to similar conditions of magnetization. 

2. Both alternating and direct componente of flux 
density were carried to high values. Corrections were 
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made for distortion of the voltage wave form at high 
dentities. 

3. In the range of alternating flux density below a 
certain value, which may be called the "critical” value, 
hysteretis loss tends first to rise, then to reach a maxi¬ 
mum, and finally to decrease, as d-c excitation is super¬ 
posed and the alternating component of flux density is 
held unchanged. Superposed d-c excitation decrease.s 
the hysteresis loss for any given alternating component 
of flux density in the range above the critical value. 

4. The critical value of alternating flux denaty for 
^icon steel lies in the range 13,200 to 13,800 gausses 
(85 to 89 Idlolines per sq in.). 

5. The a-c excitation for any given alternating flux 
density is increased by superposed d-c excitation. 

6. The d-c excitation for a given direct flux density 
in the low or moderate density range is decreased by a 
.<CTna.11 amount of superposed a-e excitation, but is in¬ 
creased by larger amounts. The d-c excitation for a 
given direct flux daisity in the high-density range is 
increased by superposed a-c excitation. 

Bibliography 

1. “Hysteresis Loss in Iron, Taken Through Unsymmetrioal 
Oycles of Constant Amplitude," M. Rosenbaum, Journal J.B-.E., 
Vol. 48,1912, pp. 634-646. 

2. “Untersuohnngfen Uber Magnotische Hysteresis,” P. Holm, 
Zeit. des Ver. Deut. Ing., Vol. 66,1912, pp. 1746-1751. 

3. " The Unsymmetrical Hysteresis Loop, John D. Ball, A.I.E.E. 
Tbans., Vol. XXXIV, 1916, pp. 2696-2716. 

4. The Effect of Displaced Magnetic Pidsationa on the Hysteresis 
Loss of Sheet Steels, L. W. Chubb and Thomas Spooner, A.I.E.E. 
Tbans., Vol. XXXIV, 1916, pp. 2671-2692. 

5. Tooth-Fregueney Losses in Rotating Machines, Thomas 
Spooner, A.I.E.E. Jotibnaii, Sept. 1921, p. 751. 

6. “Magnetic Properties of Sheet Steel Under Superposed 
Alternating Pield and UnsymmetrioalHysteresis Losses,” T.Niwa 
and Y. Asami, Researches of Electrotechnical Laboratory No. 1S4, 
Tokyo, June 1923. 

7. “Purther Study on the Magnetic Properties of Sheet Steel 
Under Superposed Alternating Pield and Unsymmelaioal 
Hysteresis Losses,” T. Niwa, J. Matura, and J. Sugiura, Researches 
of Electrotechnical Laboratory No, 144, Tokyo, May 1924. 

8. A Flux Voltmeter for Magnetic Tests, Q. CamilU, A.I.E.B. 
Tbans., Vol. XLV, 1926, p. 721. 

9. *‘Measuring Core Loss at High Densities,” D. M. Smitn 
and C. Concordia, Mec, Bng,, Jan. 1932, pp, 36-38. 


Discussion 

S. L. Gokhale: Most of the work on this subject has been 
eondueted by engineers and along lines representing the engi¬ 
neer’s point of view. All such work, including Mr. Edgar’s 
contribution, has added greatly to our knowledge of facts re¬ 
garding magnetic hysteresis. It must be recognized, however, 
that from the physicists point of view, we are yet very much in 
the dark. Fig. Ic in Mr. Edgar’s paper, shows the forms of two 
hysteresis loops for the same range of flux change, one sym¬ 
metrical and the other unsymmetrical. The latter is unsym¬ 
metrical, not only in position but also in form; the ascending and 
descending sides of the loop are dissimilar. Why are they so? 
The unsymmetrical loops generally are larger than the symmetri¬ 
cal. Why? In some cases, this relation is reversed, the unsym¬ 
metrioal loop being the smaller. Why? These and other cognate 


questions are stiU unanswered. The duty of seeking answers to 
these questions rests not on the engineers but on the physicists. 

These questions suggest another much more fundamental 
question. Why is it, that we know so little about magnetism, 
although we know comparatively so much more about elec¬ 
tricity, and although the two branches of physical science not 
only are related but also analogous? It seems as if some special 
obstacle to knowledge has developed on the magnetic side, with¬ 
out affecting the electrical side. Is there really such an obstacle, 
and if so what is it? 

In 1852, Weber formulated his well-known theory of magnetic 
phenomena. He assumed, that a magnetio body is made up of 
molecular permanent magnets, and that the process of magnetiza- 
tdon consists of orientation of these molecular magnets, under the 
directive influence of a magnetizing force, E. According to this 
theory, the magnetic flux density B at any point, is a magnetic 
force of the same nature as H, with this d^erence, that B is the 
resultant force of which H merely is one component; the other 
component is the magnetic force emanating from the poles of 
the molecular magnets. This conception of B, leads to the con¬ 
clusion that permeability is a non-dimensional quantity. This 
relationship between Weber’s molecular-magnet conception, and 
the non-dimensional conception of permeability, however, is 
not generally recognized; consequently, there are many scientists 
to-day who advocate the Weber’s theory of magnetism either in 
its original form, or in its modem modified form based either on 
molecular currents, or on electronic orbits, and they also advo¬ 
cate the dimensional conception of permeability. 

In 1886, Ewing formulated his theory of permeability and 
magnetization based on Weber’s conception. He thus explained 
successfully, the general forms of magnetization and hysteresis 
curves, and also other associated phenomena such as magnetic 
creeping. He also explained some of the peculiarities of hysteresis 
loops such as the failure of the loops to close, and of successive 
loops to retrace the preceding loops during the initial cycles. 

Ewing’s work was mostly qualitative: quantitatively, he had 
succeeded in making, what we might call the first approxima¬ 
tion; that is, in computing the magnetio forces on the molecular 
magnets, he had taken into account only the nearest poles, and 
had left out of consideration the relatively distant poles of even 
the same molecules (Ewing: “Magnetio Induction in Iron,” p. 
172). In 1892, Steinmetz carried Ewing’s thebry of hysteresis 
one step further; Ewing had taken into account only one pair 
of poles, namely, the two nearest poles of a pair of molecules; 
Steinmetz took into account all the four pairs of the poles of 
these molecules (A.I.B.B. Tbans., 1892, p. 718). His next 
effort was to be a more elaborate computation of forces on a 
molecular magnet due to a large number of molecular magnets 
in its neighborhood. It seems that this work was not completed, 
and in the meantime an unforseen difficulty had arisen. 

In 1889, Rucker formulated his theory of “suppressed dimen¬ 
sions;” according to that theory permeability is a dimensional 
quantity; the dimensions are not yet known, but are believed to 
be related to the dimensions of velocity. This theory rapidly 
gained in popularity and is now accepted by a majority of 
scientists. As stated above, Rucker’s theory and Weber’s theory 
are opposed to each other, and that the acceptance of the one 
necessarily involves a rejection of the other theory. The con¬ 
tradictory nature of the two theories generally is not recognized, 
because those who accept both are generally content with a for¬ 
mal acceptance, without any attempt to carry each theory to 
its logical consequence. 

In accepting the dimensional conception of permeability, we 
have perhaps unconsciously rejected a very valuable analytical 
instrument for magnetic research. In other words, our lack of 
correct and clear understanding of magnetic hysteresis, is the 
price we are now paying for the dimensional conception of 
permeability. This is not an argument against Rucker’s theory. 
If the theory be true, we have got to accept it no matter what 
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price we have to pay for it; but before we pay that or any other 
price, we must have some evidence in support of that theory. 

Therefore, while our engineers are collecting data on mag¬ 
netization and hysteresis, evolving ingenious methods for the 
work, it is for the physicists to tackle the fundamental problems 
in order to account for the phenomena in a rational way. The 
problem that seems to be at the root of most of the other problems 
in magnetics is, whether permeability is a dimensional or a non- 
dimensional quantity. Until that question is answered with con¬ 
vincing evidence in support of the answer, there seems to be no 
likelihood of a rational explanation of the magnetic phenomena. 

G. MacMillans The data given in the paper should prove 
valuable to designers of various types of electrical apparatus. 
The cases to which the results immediately are applicable are 
eondned to those in which the superposed fields are in line with 
a common axis. However, the data should also afford assistance 
in cases involving more complex conditions, and field axes which 
are not necessarily in alignment. Such conditions occur, for 
example, in the magnetic circuits of induction motors. In the 
vicinity of the air gap, the general direction of the useful flux 
is radial, that of the leakage flux peripheral, yet in their use of 
common permeance paths, these fluxes approximate more closely 
to the conditions covered by the paper. 

As shown in the paper, the fundamental a-c current may be 
taken to represent the d-o displacement mmf upon which is 
superposed the high frequency pulsation of mmf induced by the 
non-uniform and non-sinusoidal distribution of teeth and wind¬ 
ings. The magnitudes involved bring this case into the class in 
which reduction of iron loss with high density might be antici¬ 
pated since the flux displacement does, in practice, frequently 
exceed the critical values given in the paper. Thus, we may 
expect locally the conditions for reduced losses which rarely are 
encountered on a more extended scale on account of the large 
mmf’s and currents required to establish them. 

In applying the data on superposed losses, or losses due to 
superposed muif*s to the calculation of induction motor core 
loss, we have foimd that the computed loss may be brought 
into closer agreement with test results. However, in some cases, 
the calculated values exceed the test values. The discrepancy 
may be due in part, at least, to reductions of the type described 
in the paper, and to which due weight had not been given in 
the methods used for calculation. Where the discrepancies are 
in the opposite direction, it is more difdcult to ass^ causes 
since they may be due to defective care in manufacture. 

Attention has been called, in previous discussion, to the un¬ 
satisfactory state of our knowledge of magnetic processes. Even 
the discusser who contrasted favorably present knowledge of 
metals with present knowledge and lack of knowledge of non- 
metals, such as dielectrics, would probably make an exception in 


the case of the magnetic properties of metals. If the increased 
training in analysis advocated by Professor Karapetoff is suc¬ 
cessful in developing graduates of greater analytic ability, 
possibly this stigma may be removed from the record of engi¬ 
neers, namely, that with the consistent records of magnetic 
behavior before our eyes so constantly for so many years, we 
have hitherto failed entirely to interpret these records. 

B* M. Smith': The method of measurement and equipment 
shown m this paper has certain refinements not used by pre¬ 
vious investigators. It should, therefore, give results which are 
more reliable than hitherto obtained. The data presented by 
the author show agreement in several instances with those ob¬ 
tained by the investigators referred to, and also furnish new data 
beyond the range previously reported. 

The fact that hysteresis loss decreases with superposed direct 
current has in the past given engineers encouragement to believe 
that it would be possible to obtain lower core loss in power trans¬ 
formers by this means. The data given in this paper, however, 
show that, although the hysteresis loss is decreased, there is a 
proportionately greater increase in the exciting current, which 
would indicate that the application of direct current could not 
be used for decreasing transformer losses. The tests, however, 
do not cover superposed alternating current. 

In the numerous articles written on superposition of direct 
current on alternating current, it has been recognized that the 
hysteresis loss decreases when the hysteresis loop is displaced 
from its symmetrical position,* but in none of these articles has 
an explanation of this phenomenon been given. It has, however, 
been mentioned that it is due to a change in shape and area of 
the hysteresis loop, but the writer believes it would be interest¬ 
ing if the author would give his explanation as to how this is 
affected. 

R. F. Eddar: As pointed out by Mr. Gokhale, a fundamental 
explanation of the variation of hysteresis loss with displacement 
of the hysteresis loop apparently is unknown as yet, and further 
discussion of the various theories involved is beyond the scope 
of the paper. However, there is an association of the change of 
shape of the loop with its change of area, as suggested by Mr. 
Smith, which is given below. 

Inspection of the series of loops published by several of the 
authors previously mentioned shows that as a loop is displaced 
upwards from a symmetrical position, keeping a constant ampli¬ 
tude of flux pulsation, the lower end tends to expand, while the 
upper end tends to contract. For combinations of flux pulsation 
and displ^ement which carry the upper end of the loop to very 
high densities, the contraction of the upper end apparently over¬ 
balances the expansion of the lower end, and the area of the loop 
is reduced. 



Variable Speed Constant Voltage D-G Generators 

BY FRED B. HORNBY* 

Associate, A.I,Si.E« 


Synopsis*—Generators for producing essentially constant voltage 
when operating from a variable speed source have been developed- 
Two types of variable speed constant potential generators are 
described that obtain regulation without the use of regulators having 
moving parts- One type makes use of a thyriie regulator to obtain 


the desired characteristics. The other type is inherently self-regu¬ 
lating and, therefore, requires no external regulation- These genera¬ 
tors are sufficiently flexible to allow a wide variation in their design 
and operating characteristics. 


A PPLICATlONSforvariable speed constant voltage is so connected that the magnetomotive force P^dnc 
d-c generators and generating systems have been by the auxilia^ field is m opposition to that Prodn^d 
many and varied. Generators with vibrating or by the shunt field. If the generator temmal voltage 
carbon pile voltage regulators which have been used for increases, the thynte aUows proportionatdy more cur- 
variable speed coLtaS voltage applications have been rent to pass 
found inaLquate because they wiU not operate satis- through the shunt 

factorily when subjected to repeated vibration. The ence m magnetomotive force of the two fields 
iniirious effects of vibration have lead to the desire to thereby decreasmg the fiux m the machine^d hmitmg 
have a generating system that can be regulated either the incr^ in generator o 

by inh^nt generator characteristics or by a regulator a typical thynte wntoolled generator is shown m Rg. 2. 
that has no* moving parts. The thyrite controlled As may be seen, the fiux m the mactene decreases as the 
Snlator and the self-regulating generator have speed of the generator mcreases, the fiux approaching 

been developed to meet these requirements. zero as a limit 


Thyrite Controujbd Generator 

Before taMng up a thyrite controlled generating sys¬ 
tem, it will be well to deal briefiy with the character¬ 
istics of the material known as th^te. Thyrite is a 
ceramic material having a mechanical strength about 
the same as high-grade porcelain. The most satis¬ 
factory shape for generator control is a disk 3 in. in 
diameter and 1/8 in. thick. The electrical character¬ 
istics of thyrite are a part of the ceramic bond and are 
not dependent on any fillers or mechanical contacts.- 
The fundamental law of thyrite is stated by the eqm- 

tion = C, in which B is the resistance of the thjrrite, 

I is the current, C is a constant coefficient, and a is a 
constant equation. The exponent a depends entirely 
upon the quality of the material and is less than unity, 
typically 0.72. The coefficient C depends on the specie 
physical dimenaons of the thyrite unit. The operation 
of thyrite is not dependent upon the tempmature, but 
the material does have a negative temperature coeffi¬ 
cient. This negative coefficient has about the same 
numerical value as the positive coeffirient of^ copper. 
An incresiso in voltage across a thynte unit will result 
in an increase in current by approximately the 3.57 
power of the voltage increase. It is this negative re¬ 
sistance characteristic that makes it so useful as a 
regulator. 

The connection of the thyrite unit as a control for a 
generator is riiown schematically in Fig. 1,^ wherein the 
unit is in series with an auxiliary field which is wound 
on the same pole as the shunt field. The auxiliary field 

♦General Eleotrio Company, Lynn, Mass. 
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The thyrite acts not only as a regulator, but also as 
a stabilizer and makes it possible to operate the genera¬ 
tor at fidds much weaker than normally would be 
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Fig. 1—Schematic Dia¬ 
gram OF A Thyrite Con¬ 
trolled Generator 


practicfll. Generators controlled in this manner have 
shown perfect stability, although the flux in the genera¬ 
tor was less than 10 per cent of the normal flux. This 
type of control also will produce very good generator 
load regulation as shown in Fig. 3. Both the operating 
stability and the flat compounding are obtained by the 
regulator attempting to hold constant generator voltage. 
The effect of heating on the thyrite system is much the 
same as the effect of heating on a standard d-c genera¬ 
tor. An increase in temperature will produce the usual 
drooping voltage characteristic. . 

The design of thyrite controlled generators should be 
such that the peak of the flux curve is reached at ap¬ 
proximately the rated base speed of the generator. 
Consider the design of a machine having ideal con- 
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ditions wherdn a straight line saturation curve is 
obtained. Saturation will further increase the necessary 
size of the machine. Since the heating of the fidds is 
the limiting feature in the design of a thyrite controlled 
generator, a consideration of the fields necessary to 
produce the required characteristics will give an idea 
of the size of machine necessary. 



Pia. 2 —Speed Req'Oi.ation and Pltjx Ourves for a Thtritb 
C oNTBOMiED GENERATOR 




AT 


1- X 


Expresfflon for total field ampere-turns at base speed 

. ^ AT (1 + X) 

A-l-B = Ai(l + X)— X — X 

Example. Consider a machine having 2 to 1 speed 
ratio and 1.6 to 1 voltage ratio. 

X. * 2 at =, 1,000 

1-5 

X, *1.5 Ke = 0.75 


Xe = 4.6 

1.6 - 0.75 
^ “ 4.5-0.76 


0.20 


Ax 


1,000 

1 - 0.20 


= 1,260 


Bi * 250amp-tums 


Ax-Bi = 1,000 

Total ampere-turns in fidd at Sx = 


1,000 X 1.2 

0.8 


General Consideration of Fields 
Assume drcuit connections as shown in Fig. 1. 

Let 

A = shunt field ampere-turns 
B = auxiliary field ampere-tums 
AT = dEective ampere-tums = A — B 
Xe = ratio of thyrite current for a given change m 
terminal voltage 

X« = ratio of flux change, Oi = Kodi 
X, = ratio of voltage change, V* = 

K, = ratio of speed change, Sa *= 


* 1,500 amp-tums 

Ratio of total to effective ampere turns of Bx = 1.6. 

Examination of general equations and spedfic ex¬ 
amples brings out two main facts: 

1. The doser the regulation over a given speed range, 

the larger the field. ^ u 

2. The greater the speed range, the larger the field 

for a given regulation. 

The necessity of having the actual fidd vrad^ over 
114 times the normal field requires a theoretical incr^se 
in the size of the machine. Saturation of the iron 


Assume straight line saturation curve so that 
VoiA — B 

Since 


then 


B ^ 


Ko 


CV 


X, 

K, 


With this scheme of connection 

A 2 =“ X,Ai and B 2 = KcBi 
A 2 — B 2 = Xe (Ax — Bi) 

X, - Ke 


Bx =Ai 


Xo- K» 


AxX 


where 


^ ^ X.-Xe 



Fra. 3—Load Regvlation CtratvES for a Thtrite Contbodded 
Gbnbbatob 

makes it necessary to have a still larger m^to ^ce 
with saturation the change in field sirength is not re¬ 
flected in change in flux. The necejary ™ 

fidd space together with the necessity of 
iron density results in a practical increase “ 
size very dose to the increase in field siz® 
foregoing approximate calculations. 
shown that the figure arrived at by such a calculation 
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can be used as an index to determine the necessary 
dimenfflons of a specific generator. 

Obviously, the increase in frame size becomes an 
limitation as the output of the generator 
This increase in cost and size may be 
readily overcome by applying an exciter to the genera¬ 
tor and the thyrite control to the exciter field inst^d 
of the generator field. The exciter will be oversize, 
but it is a small machine, this increase is a reason¬ 

able factor wh«i it is considered along ynth the main 
generator. When applying an exciter, it is advisable 


Fig. 4—Schematic 
Diagbam op a Self- 
Regulating G B N- 

BRATOE 

to exdte both of the ^dter fidds from the main 
generator terminals. This makes the action of the 
exciter directly dependent On the generator voltage. 

The generator-exdter combination makes a thyrite 
system that is simple, economical, and capable of satis¬ 
factory operation in a wide variety of applications. 
There are, of course, limitations to this system and 
type of control, but these limitations have not been 
broadly determined; and dnce they are readily found 
when specific machines are conddered, no attempt will 



cross fields are bucking each other. AIm, the machine 
will have a tendency to reverse polarity if rapid changes 
in speed occur. Under all conditions, the cross fidd 
must be exdted from the voltage produced by the mam 
fidd flux. With connections as shown in Mg.^ 5, the 
TOftin fidd may be coimected across the main line and 
satisfactory operation obtained. The auxiliary fidd is 
eonnectft<^ in the same direction and is wound on the 
same pole as the main field; it acts merely as a “teaser” 
winding which starts the generator to build up and 
prevents a reversal of the generator polarity during the 
trandent period. 

When the generator is connected as shown in Fig. 4, 
the Twain fidd heating increases as the square of the 
increase in excitation voltage; thus it is necessary to 
design the fidd so that it will produce normal ^pere- 
tums at the base speed and at the same time disdpate 
many times more than normal heating at top speed. 
The (TOSS field produces normal ampere-turns at top 
speed and is, therefore, a normally bdanc^ fidd. 
With the generator (M)nne<sted as shown in Pig. 5, the 
auxiliary fidd must be designed for normal excitation 
and many times nomal heating; but tte auxiliary field 
is in itself a very small fidd so that this problan is not 
serious. 

From the preceding discussion it naay be seen that 
coimections shown in Pig. 4 can be used for generators 
having a small speed range, but for genffliutors having a 
large speed range, the connections shown in Fig. 5 are 
better. If a separate source of power is available for 
e xd^^ng the main field, connections in accordance with 


be made to describe them. 

Selp-Regulating Generator 

In his paper, A D-C Generator for Constant Potential 
ca VariabU Speed (A.I.E.E. Trans., 1918, V. 37, Part 
11, pp. 1406-12) S.R, Bergman described a very practi¬ 
cal machine for producing constant voltage, the regu¬ 
lation being entirdy inherent. A machine giving regu¬ 
lation without a regulator of any kind h^ sev^l 
advantages. The fundamental theory of this machine 
is described fully in Mr. Bergman’s paper. Dranands 
for this type of equipment have increased greatly, and 
speed ranges and duty cydes have become more severe. 
For this reason, it seems desirable to discuss further 
this machine and its design. 

A schematic diagram of connections is shown in 
Fig. 4. Other connections are posable, however, and 
it would be well to conader some of these as they have 
a definite bearing on the design of the machine. The 
niam Md may be excited from a separate source, but 
it may not be excited from the main line of the genera¬ 
tor without special coimections and an auxiliary field 
as shown in Fig. 5. If the main field be excited from 
the Tnain brushes of the generator without these pre¬ 
cautions, the generator will experience difficulty in 
“building up,” because the residuals of the main and 



Fig. 6—Schematic Diagram op a Self-Regulating 
Generator with Auxiliary Field 


Fig. 4 (except the main field excited from this separate 
source) are satisfactory for generators of any speed 
range. 

Since the generator operates on the difference of two 
voltages, the size of this machine will be larger than 
that of a standard gaierator of the same rating.^ In 
these machines, heating of the fidds is a limiting 
factor, but not the only one, for armature heating also 
affects the rating. The following consideration of tiie 
various factors gives a definite figure for the increase 
in tize necessary for a given rating. 
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Determination op Voltages Induced prom Main 
AND Cross Fields 
Let 

X volts induced from main field 
Y = volts induced from cross field 
Z = terminal volts 
S = speed ratio 
R = voltage ratio 
K main field fiux increase factor 

C = cross field flux factor 
Ir = rated generator current at base speed, 
including fidd current 
Xt- 

Xi — Fj = RZi 

Xi = KSXi 
y* =cs^Yi 
R(Xt-Y{) =X*- y* 

„ „ KSX^-CS^Y^ 

Xi— Xi - „ 


Xi(KS-R) = YxiCS^- R) 


where 


(KS- R) 

Xi -Xi - Aim 

KS-R 


m = 


CS* - R 


Zi 

Xt 


= Xi(l-m) 
Zx 

1 — m 


Effective output of generator = (Xi — Fi) I, = P,; 
actual output of genwator = (Xi -f Fi) J, = Po. 


Example 

Consido- a machine having a 2 to 1 speed ratio and 
1.5 to 1 voltage ratio with connections as shown in 
Pig. 4. 

Z = 100 volts K = 1.12 

5=8 C = 1 

R = 1.5 Ir = 10 


m 


a.l2 X 3) - 1.6 
9- 1.6 


= 0.248 


y = 183 - 100 = 83 
Pe = 100 X 10 = 1 kw 
Pa = 166 X 10 = 1.66 kw 

Therefore the machine must be 1.66 times normal 
size. 

Generators making use of the bucking field principle 
have been built for many years and their operation 
has been quite satisfactory. There are, of course, 
limitations to this type of equipment, but except the 
increased size, weight, and cost, the limitations are 
peculiar to the application and cannot be contidered as 
general difficulties to be overcome. Detailed compari¬ 
son of these two types of machines with each other and 
with other types of variable speed constant voltage 
equipment is outside of the scope of this paper. Such 
comparison when made should be on the batis of the 
total equipment including all regulating devices and 
controls, and not on tiie basis of the generator alone. 



Design of Resistance Welder Transformers 

BY H. E. STODDARD* 

Associate, A.LB.B. 

Synopsis^—Due to increased production demands^ the speed at carefully the design of the transformer and the shape and spacing ef 
which resitance welders operate has been stepped up as much as four the secondary circuits^ especially the cooling and protection of these 
to five times during the last few years. This has been made possible parts. 

in a large degree^ by the development of new switching mechanisms It has been necessary also to pay more attention to mvlti-4rans~ 
that will allow a current dwell of a fraction of a cycle on a 60-cycle former weldersf where several transformers are used either for the 
drcuit. purpose of distributing the secondary current to better advantagot or 

This increased speed of welding has made it necessary to study very for the purpose of balancing the welder load on muUi^phase circuits. 


I N the last few years manufacturers have been called 
upon to produce welders tiiat will weld at very high 
speeds. Spot wdder speeds have increased a 
maximtun of about 150 to 200 spots per minute of ten 
years ago to a maximum of 900 spots per minute today, 
with the indication that this speed can be increased to 
perhaps as much as 1,800 spots per minute. Also in 
the last few years control units employing grid-con¬ 
trolled gas or mercury-vapor filled electronic tubes have 
been developed and applied to spot and seam weldws 
for high speed welding. The time of current dwell can 
. easily be reduced to one cyde on a 60-cyde drcuit. 
Also several switching mechanisms ^ven by S 3 m- 
chronous motors have been devdoped and put in use 
and it is claimed that they will operate at such speed 
that the current dwdl can be reduced to H cyde or 
less on a 60-cyele circuit. 

Welders other than spot wdders have been increased 
in speed, but not in the same proportion. Ordinary 
flash butt wdding is being done at an average speed of 
about 7 sec for the complete wdding cyde on work up 
to about 10 sq in. Smaller sections are welded in less 
time, and larger sections in longer time. Therefore the 
welders, induding the transformers, are continually 
increasing in aze and capadty for the same size of weld, 
and the problems of the design are being increased in 
proportion. 

Very little technical work is involved in the ordinary 
design, but considerable experience is necessary in 
selecting the proper secondary voltage, estimating the 
correct power required, proportioning the transformer 
core and coils properly so that mechanical design of the 
welder is not upset, designing the secondary drcuit from 
the transformer to the work, providing the proper 
shidding for the transformer, etc. 

A resistance wdding transformer has a peculiar duty 
to perform. It must be of great enough capacity to 
deliver the number of amperes at the wdd required for 
welding the largest section for which the machine is 
used. It must also be of great enough capacity to per¬ 
mit of wdding the greatest number of square inches per 
hour for which the machine is purchased. It must do all 

♦Thomson-Gibb Eleotrio Welding Co., Lynn, Mass. 

Presented at the North Eastern District Meeting of the A.I.E.E., 
Schenedady, N.Y., May 10-lS, 193S. 


this without heating to a point to injure the insulation. 
Furthermore, it is not the internal retistance of the 
transformer only which tends to heat it, for there is the 
heat conducted back into the transformer secondary by 
conduction, and to otiier parts of the transformer by 
radiation and convection. 

The problem is not to dedgn a transformer of specified 
capacity, but to design a transformer and secondary 
circuit that will cause enough dectric current to flow 
through the work and heat it properly so that with the 
correct application of pressure a wdd is completed. 

The transformer capadties are estimated mainly by 
conddering the size of material to be wdded, the speed 
at which it must be wdded, the ts^pe of weld to be used, 
and mechanical design of wdder. The types of welds 
are as follows: 

1. Spot-welds 

Projection-welds (sind® projection, multi-projection) 

Point welds (single spots, spot seams) 

2. Buttwelds 
L^pset welds 

Plash welds (manually controlled, mechanical controlled) 
Contact flash or high speed upset welds 
Butt seam 

3. line or seam welders 
Continuous 
Interrupted 

In butt wdding, the transformer capacity is in¬ 
fluenced greatly by the type of weld, as flash welds 
require only 20 per cent to 25 per cent of the capadty 
necessary for contact flash welds, and dow upset wdds 
require only about 26 percent to 60 percent of thecapac- 
ity required for flash wdds. If we assmne that a flash 
wdd will be made in 7 see, then a slow upset weld will 
take about 15 to 30 sec, and a contact fla^ weld about' 
1 to 2 sec, pro-yided the pieces to be wdded are adapt¬ 
able to dther type of wdd. 

Multi-projection wdding requires sometimes as much 
as two to three times the capadty for one weld times 
the number of welds. TMs increased capacity is 
prindpally due to the fact that nearly always one weld 
is partly made, flrst, caudng an increase of current at 
that point. Therefore there must be enough capacity 
to take care of this. This increased capadty is also 
influenced by the shape of the work, size of weld, and 
the shape and size of dectrodes whrai they may restrict 
the propOT distribution of the wdding current. 
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Transfobmer Core 

The core is usually built up of 29 gauge silicon steel 
in one or two window shapes. Sometimes the single 
window cores are split and after assembly they are 
machined so that they fit together with little air gap. 
This split core is used when it is necessary or convenient 
to have an easy way of disassembling the transformer 
for changes or repairs. 

Transformer Secondary 
The secondary may be either flexible for its entire 
length, or it may be solid and have a short flexible lead 
connected to the moving terminal of the welder. The 
flexible secondary is made up of thin copper strips. 



Fig. 1 (Lbft)—FlbxibIiB Sbcondabt Outside of 
Peimabt Coii.8 


Pig. 2 (Midddb)—^Naheow Plexibmi Secondaet Sandwiched 
Between Peimabt Coids 

Pig. 3 (Right)—Cast Secondaet Connected to Moving 
Teeminal bt Shobt Pdexibde Lead. Secondaet Sandwiched 
Between Peimaet Coils 

usually 0.005 in. to 0.008 in. thick and they may be 
made up of narrow strips and sandwiched between 
pancake primary coils (see Fig. 2), or of wider sheets 
and woxmd around the outside of the primary coils 
(see Fig. 1). There is some objection to both of these 
types of secondary. One objection to the narrow type 
is that the primary coils caimot be wedged properly, 
and the objection to the wide type is that the design 
of the transformer is not as adaptable to changes as the 
narrow type would be. 

Solid secondaries are made of cast copper, cast 
aluminum, rolled copper, and sometimes of the work 
itself. Where castings are used for secondaries, they 
are usually water cooled by either casting steel tubing 
in cast copper, copper tubing in the cast aluminum, or 
by holes drilled foir a water circuit. Cast copper is used 
principally and has less disadvantages than any other 
cast material. The disadvantages to cast aluminum are 
that it must be double the area of ca^ copper, and high 
r^istance oxides form rapidly on tiie macl^ed contact 
surface under the influence of heat and water. Rolled 
copper is used very little for solid secondaries, due 
principally to the ^fOiculty of coimecting tbe ends to 
tiie termioals of the welder, as each section of the 
secondary must be rilver soldered or welded to a suit¬ 


able header; since there is a large mass of metal, it is a 
difficult and expensive job. Rolled copper does make a 
good secondary, and on some welders where forced air 
<»an be used for cooling the transformer, it is used. See 
Figs. 3, 4, and 5 for diflarent shapes of cast secondaries 
for butt welders, and Figs. 6 and 7 for shapes of circuits 
for small spot welders. 

The secondary proper is shaped so as to minimize the 
eddy current losses. The terminals and flexible leads 
are designed with proper contact surface areas where 
electrical connections are made. These areas are of 
such size as to keep the current density to about 225 
amp per sq in. when connected to aluminum; to about 
550 amp per sq in. when connected to cast copper; 
other matoials generally fall within these limits. Con¬ 
ditions often alter these values. 

Primart Coils 

The secondary voltage of a resistance wdder is 
changed cither by changing the primary voltage or by 
nai-ng a sslector switch connected to tapped primary 
coils to change the turn ratio. Generally the minimum 
secondary voltage is 40 per cent to 50 per cent of the 
maximum. This, of course, depends upon the kind of 
welding to be done. Usually about 10 to 16 different 
secondary voltages are provided; therefore 6 to 8 taps 
are necessary for the secondary voltage range. The 
tapped primary is generally used, although there is some 
objection to it. When the transformer is being operated 
on the maximum secondary voltage, the voltage across 
the outride turn of the primary coil is about two times 
the primary voltage. Also as about one-half of the 
primary is out of the circuit, the magnetic leakages may 
be increased conriderably, but by uring care in the 
derign these objections can be minimized to a large 
extent. 

Pig. 4—Cast Secon- 
DABT Connected to 
Moving Teeminal bt 
Flexible Leads. Seo 
ONDABT Sandwiched 
Between Peimaet 
Coils. Teanbfobmee 
Offset Pbom Weld 
Line 


TERMINALS 



Sometimes especially in large welders the coils are 
not tapped, but an autotransformer with tapped coils 
is used for secondary voltage variation, in this way 
getting around the objections mentioned; but in doing 
so there is added another piece of apparatus which 
must be installed near the welder and therefore is in 
itself not derirable. (jenerally either type of transformer 
is equally acceptable. However, on some of the larger 
t 3 ^es of welders, autotransformers are demanded and 
in addition sometimes an inductive voltage regulator 
is used to get micrometer voltage adjustments between 
taps on the autotransformer. 
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The primary coils and the coils of autotransformers 
are usually wound of bare copper strip and insulated 
between layers with asbestos paper tape. As .little 
insulation as practical is used on the outside of the coil 
in order that the heat may be dissipated as rapidly as 
posrible. Although the secondaries of most wdder 
transformers are water cooled^ this helps very little in 
cooling the primary, and the natural air di^ is de¬ 
pended upon for this cooling. 

Transformer Rating 

The Reristance Welder Manufacturers Association 
rating is based on 50 per crait duty cycle, which was 

TERMINALS 


Fia. 5—^WiDi3 Cast Sbcon- 
DAKY TO Fit OtTTSiDB Pbimaby 
C oiIiS. Transpobmer Oppsbt 
From Weld Line 

selected because very few welders are operated at 
higher than 50 per cent duty cycle and because it cor¬ 
responds quite closely to the majority of welders in use 
previous to this rating. The primary is deagned for a 
cuirent density of 1,800 amp per sq in.; the secondary 
for 1,600 amp per sq in. if made of cast copper; 800 
amp per sq in. if made of cast aluminum, and the core is 
designed for a density of 70,000 lines per sq in. at the 
maximum secondary voltage. 

Mechanical Problems 

The mechanical problems in the design consist of: 
First, shaping the transformer so that it fits into the 



Pio. 6—T 0 p 
Connect E0 
Spot WeiiDBR 



Shaping the transformer properly so as to fit the welder 
is rdatiyely ample, and can usually be accomplished. A 
40-kva or 50-lsva transformer can be built so it will go 
in a space only 4 in. wide; of course it must be extended 
considerably in other directions. The core and clamping 
frames also are easily handled. The diflaculty comes in 
the secondary, secondary leads, and the terminals. The 
secondaries should be made as high and as thin as pos¬ 
sible. Where water cooled secondaries are called for, 
they must be thick enough so that a tube can be cast 
in for a water duct, and this requires that the casting 
be about 0.6 in. thicker than the diameter of the tubing 
• to prevent its floating out. Also, as far as possible, the 
tubing must be cast in so that it is parallel to the current 
flow, and the tubing must be as straight as practicable 
so that it can be cleaned out if it fills up with rust or dirt. 
The finished secondary is always a compromise betwwn 
good electrical practise and the desii^ mechanical 
features. 

The terminals of the wddm* are necessarily wdl 
cooled, not only to dissipate the heat due to the flow 
of current, but to dissipate the heat conducted into 
th^ by the wdd itself, and ance the terminals are 
under very heavy pressure, it is necessary to keep the 
temperature as low as possible. 



The flexible leads are also a compromise. Electrically 
they diould be as short as possible, and mediamcally 
th^ must be long enough to allow the tmminal plenty 
of movonent, and also they must be of proper shape to 
insure long life. 

The mechanical difficulty met with concerning the 
primary coils, is to bring out the taps and the start and 
finigb of the coils so that the minimum space is required, 
also to brace the primary effectually against the surges 
that are always present. 


welder properly; second, making the core and core 
clamping frames, primary coils, and secondaries of such 
shape and material that they can be made and assem¬ 
bled without too great an expei^, and wi&out sac¬ 
rificing more than is necessary in the efficieiicy and 
power factor of the completed welder; and third, the 
shielding of the transformer from the metal thrown off 

by the weld and also from water and oil. 

The fact that a large percentage of deagns are for 
special apparatus where perhaps only one transformer 
is to be buUt, makes these problems quite important. 


The shielding of the transformer also is very im¬ 
portant, especially on flash butt welders. It is neces¬ 
sary to keep the metal thrown off by the wdd from the 
primary coils. This metal is in the form of fine dust and 
if allowed to aft in betweai coils soon penetrates the 
and causes short circuits or grounds. Also, 
there is always a large amount of water used around 
resistance wdders, espedally line or seam weldars, 
where the work is sometimes flooded with watw. 
Therefore, it is necessary to make the primary coils 
nearly waterproof. 
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Multiple Transformers 
In some welders it is necessary to use more than one 
transformer. Four general types of multi-transformer 
welders are: 


1. Welders for making fabric for reinforcing mats used in con¬ 
crete road building, wbere as many as 32 transformers are used 
and 32 welds are made simultaneously, each transformer making 
a weld which is separated from the next weld enough so that no 
particular difficulty is experienced, 

2. Large spot welders are sometimes provided with two trans¬ 
formers, one transformer on the bottom and one on the top of the 
work. Each end of the secondary of both transformers is con¬ 
nected to an electrode, the top electrodes being directly over the 
lower electrodes when the work is placed between them. .The 
secondaries are in series. No particular advantage is gained 
however. 

3. Welders used for making very long butt welds where multi- 
transformers are convenient for distributing the current properly 
over the entire weld. These transformers are connected in paral¬ 
lel on a single phase circuit, 

4. Large projection spot welders where the work is distributed 
properly. Three transformers are sometimes used and connected 
each to one leg of a three-phase circuit. 

In the third type of welder mentioned where the 
transformers are operated in parallel, the principal 
difficulty is in the secondary circuits. Unless these cir¬ 
cuits are all of the same resistance and impedance, 
the current distribution will not be correct. 

In the fourth type mentioned, the same difficulties 
are experienced and in addition to these the fact that 
the work causes a partial short circuit between phases 
makes it difficult to design electrodes to minimize this 
short circuit so that the work can be done efficiently. 

Power Factor 

The power factor of resistance welders varies con¬ 
siderably with the type and construction of the appara¬ 
tus. On some types of welders, it may be as high as 65 
per cent or 70 per cent; on other welders, it may be as 
low as 20 per cent. 

Resistance welder manufacturers are of course in¬ 
terested in methods of increasing this power factor. 
The first idea is to better the design of the transformer 
and connections, but since the design is limited so closely 
by mechanical requirements for protection of the trans¬ 
former and for the proper movement of the welder 
terminal, very little increase in power factor may be 
secured. Therefore, it seems as if any substantial 
increase of power factor must be made by the use of 
some outside piece of apparatus. 


Discussion 

Warren C. Hutchins: As indicated by the author, develop¬ 
ments in resistance welding have been very rapid in the last few 
years. In fact in the writer’s company one man was given the 
task of correlating data on resistance welding with reference to 
the power, time application, pressure of electrodes, recommended 
speed of travel for various types of spot and line welding. After 
this particular individual had spent approximately 3 or 4 months 


on this work and had ooUected enough information to fill several 
volumes, an electronic tube control named thyratron control 
was furnished to the Works Laboratory for experimental pur¬ 
poses. After about two or three weeks experimenting, it was 
found this control pemaitted welding in such greatly reduced 
time periods for spot welding and at such greatly increased linear 
speeds for line welding machines that practically all of the data 
previously collected were worthless. 

Thyratron tubes were first applied to controlling resistance 
welding machines only a few years ago. The development of 
this control passed through the following stages: 

1. To replace the mechanical contactors and eliminate the 
maintenance cost of the contactors. The average expected life 
of thyratron tubes for this service is 10,000 hours. This control 
was used for welders up to 360 kva capacity. For timing the 
on and off period a smaU 1-ampere switch was used. This switch 
usually was cam operated and the accmaoy of timing was no 
better than the switch. 

2. To the first control developed, a thyratron synchronous 
timer was applied which eliminated variations in the time cur¬ 
rent supplied to the welding machine. This permitted more con¬ 
sistent welding and increased welding speed. It also made 



Pig. 1—One-Half Cycle 
Thyratbon Control Panel 


possible welding in exactly one cycle or any multiple of one cycle 
of any frequency up to approximately 500 cycles. It permitted 
welding of some alloys not previously sati^actorily resistance 
welded. There are now more than 60 of these controls operating 
satisfactorily. 

3. (The development of thyratron control has been so rapid 
along with the development of the resistance welding apparatus 
that the author of the paper probably was not aware of this 
third development.) Thyratron control is now available for 
welding in very short periods. For instance cycle, cycle 
or less. 

The half cycle thyratron control has proved its worth in both 
the tube manufacturing department of the General Electric 
Company and in the manufacturing department of the RCA 
Radiatron Company. 

A midwestem manufacturer had a welding machine which 
apparently was too small for the jobs being done; the welder 
transformer overheated and the control was a non-synohronous 
contactor. Thyratron control was applied to this welding ma¬ 
chine, with the results that the transformer no longer overheated. 
The temperature rise was measured and found to be only 15 deg C 
(with a mechanical contactor the transformer overheated which 
means that the temperature probably exceeded 60 deg C rise). 
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There are 3 mam reasons why the heating of the welder trans¬ 
former might be greater if a non-S 3 mohronous contactor is used 
than when thyratron control is used. They are: 

1. Where a non-S 3 nachronous contactor is used variations in 
the time of power applications wiE result. It is necessary to ad¬ 
just the heat setting of the welding machine so that a satisfac¬ 
tory weld is made when the time element is shortest. This means 
that when the contactor passes current for longer periods, ex¬ 
cessive energy is handled in the welder transformer resulting in 
heating. 

Where thyratron control is used, the welder transformer is 
adjusted to produce a satisfactory weld for one time setting. The 
thyratron control accurately times to the same number of elec¬ 
trical cycles for each weld, and therefore no excess heat is handled 
by the welder transformer. 



Pig. 2—Resistance Welds or Variotts Metals Made with 
Thyratron Controlled Welder 

1 — Copper wire and brass 9—^Invar wire and sheet monel 

2— Sheet nickel and soft nickel wire 10—Sheet monel and molybdenum 

3— Soft and hard nickel wires wire 

4— Sheet nickel and hard nickel wire 11—Two invar wires 

6—-Hard nickel and molybdenum wires 12—Soft nickel and invar wires 

6— Molybdenum and invar wires 18—^Invar and ascaloy wires 

7 — ^Perforated nichrome and invar wire 14—^Ascaloy wire and nickel sheet 

8— ^Hard nickel and invar wires 16—^Ascaloy and hard ni(^el wires 


2. Where a Hon-syuehronously operated contactor is used, 
relatively long welding times are necessarily used (10 cycles or 
more), and a large percentage of heat is wasted by radiation and 
conduction of heat by the electrodes during the time the weld is 
being made. This results of course, in excess heat or energy being 
handled by the welder transformer. 

Where thyratron control is used the time of power application 
usually is shortened a great deal, causing the weld to be com¬ 
pleted in probably two or three cycles or less, and preventing 
excessive radiation and conduction of heat away from the weld. 

3. With a mechanical contactor, it is entirely probable that 
the circuit is closed or opened at the zero point of the voltage 
wave. At the instant the contactor is closed, the flux in the 
transformer is at practically zero or only of residual value. In 
the first K cycle, the welding transformer core reaches its full 
load excitation, and the balance of the first half cycle probably 
will result in over-saturation of the transformer, resulting in a 


tremendous current surge, which will be several times full load 
current (dependent upon the design of the particular transfor¬ 
mer). After the transformer core becomes saturated it can no 
longer transmit the power to the secondary of the transformer. 
These surges can occur every time the circuit is closed and result 
in heating the transformer without delivering a proportional 
amount of power to the weld. 

Where thyratron control is used, it ^ adjusted so that the cir¬ 
cuit always is closed at the peak of the voltage wave, resulting in 
only normal saturation of the welding transformer before the 
alternating voltage reverses. The result is that stable operation 
is established from the start and no pea*k surge of current occurs. 

As a result of these findings it has been predicted that re¬ 
sistance welding transformers can be rated higher than previously 
without increasing the amount of iron, provided thyratron con¬ 
trol is used. 

The author of the paper has stated in his concluding paragraphs 
that the resistance welder manufacturers are of course interested 
in methods of increasing this power factor—^whioh is stated to 
be between 20 per cent and 70 per cent. It certainly is true that 
a load of only 20 to 70 per cent power factor is undesirable from 
a power generation standpoint. Worse than power factor how¬ 
ever, is the fact that the load is single phase and intermittent 
and often causes light flicker. A number of power companies 
in this country among which are a power company in New Jersey 
and another in the State of Massachusetts, have insisted upon 



Pig. 3—Special 
RID Assembly 
(Dept) Welded 
. iSj^'ON Manually 


. jW elder 
11^ Welding 
5‘^KCycLB 


(Right) 

IN H 


the manufacturer paying a penalty for this single-phase power, 
another penalty for the low power factor, and a third penalty 
for the intermittent operating characteristics. In another loca¬ 
tion it has been stated that a manufacturer is pa 3 dng $3,000 
premium per month for the privilege of using single-phase power 
from a public utilities line. This $3,000 is to cover the expense 
for extra single-phase line and necessary transformers to tie this 
load in to a high capacity network which runs within several 
miles of the particular manufacturing plant and to compensate 
for the unusual power demand. 

All of the above objectionable features or characteristics of the 
resistance welding load can be overcome by the application of 
motor-generator sets. More details on this application of motor- 
generator sets may be found in articles by the writer: *‘Problem 
of Power Supply for Resistance Weldipg,” in the December 31, 
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1932 issue of Electrical World and ‘‘Balancing Welding Loads on 
Shop Lines,” in the March 1933 issue of Factory Management 
and Maintenance. 

S* T» Maimder: One point should be emphasized for the 
benefit of the industry at large. The requirements for secondary 
voltage and capacity usually are much higher than anticipated. 
For example, if it is thought that 3 volts are sufficient at the 
terminals of the weld, then very Ificely the terminal voltage of the 
transformer should be close to 10. The capacity is increased in 
the same proportion. This difference is caused by underesti¬ 
mation of requirements at the weld, larger current flow than was 
presupposed and too large drop in the terminals or lines to the 
weld. The drop mainly is due to excessive reactance in the 
lines, which often is nearly 100 per cent. 

It has always been the practice to recommend that adequate 
tests be made before determining the capacity and voltage of 
welding transformer equipment. 

RADIO AIDS TO AIR NAVIGATION* 

(Gubisn and Biccker) 

W* M. Thompsons The system described in the paper appears 
adapted particularly for operation over fixed airways, although 
it appears practicable to use the system when flyiiig toward or 
away from any suitable transmitting source. This method can 
bo practiced roughly by using almost any aircraft radio direction 
finder and comparing the bearings with the magnetic compass to 
obtain the angle of drift when flyi,ng a known course but such 
application lacks the automatic feature of the present^develop- 
ment. Actual flights made with only the inductor compass a'nH 
associated control equipment have demonstrated to certain naval 
flyers that the automatic steering feature has many desirable 
attributes as it leaves the pilot with fewer controls to manipulate 
during flight. 

The radio direction finder described as a part of this develop¬ 
ment appears to incorporate certain novel features but it is sub¬ 
ject to certain errors which are inherent in such a system. For 
example, the output of the direction finder loop indicates a 
minimum when the plane of the loop is normal to the resulting 
wave front and such indication may not give the correct bearing 
unless corrections are applied to compensate for the disturbance 
caused by the structure of the plane. Propagation phenomena 
such as the well known “night effect” are encountered which 
may produce errors or make bearings difficult to obtain. Troubles 
of this sort can be minimized by using transmissions in that part 
of the radio frequency spectrum where experience has shown these 
eflecta to be a minimum but it is felt that such trouble should be 
pointed out in order to avoid conveying an impression that per¬ 
fection has been obtained. 

Then operatipnar difficulties attend the use of such delicate 
devices for in effect a radio direction finder is a sort of bridge 
which must accurately be balanced if the results are to be accu¬ 
rate. This requires a design where the operating adjustments do 
not cause a shift in the bearing. The sensitivity must also be 
sufficient to avoid too much zig-zagging along the desired course. 

Similar comments apply to certain forms of range beacons. 
This is illustrated by the fact that a certain pilot flying a course 
laid down by a beacon found himself being guided farther and 
farther to one side of his goal. Subsequent investigation dis¬ 
closed that the gradual failure of a capacitor in the transmitting 
equipment caused this shift in bearing. Such an error was only 
apparent to the pilot by reason of clear weather and knowledge 
of the territory over which he was flying. 

From a naval point of view it mi^ht be well to point out that 
a radio silence by the ships of the fleet probably will be manda¬ 
tory when the fleet is at sea during wartime and that the only 
radio available wlU be that from the large shore stations. Due 


to the distance of the fleet from these shore radio stations, the 
possibility of interference is very great. 

The above comments are not intended to derogate from the 
excellent development described to-day, but rather to emphasize 
the need for intelligent operation of aU scientific equipment in 
light of its capabilities, for defects in such equipment may pro¬ 
duce errors at possibly rare intervals which are difficult to detect. 

J. H. Delliniiers As stated by the authors, the paper is 
principally on certapi new types of equipment, but it gives also 
an interesting general survey of the whole field. In the fourth 
paragraph it is stated that radio methods for course and position 
determination fall under three headings, ris., range-beacons, 
ground direction finding, and direction finding on the airoraft. 
For completeness there might be added to this list: directive 
beacons of other types than range-beacons (e.g.y rotating direc¬ 
tive beacons), marker beacons, and altitude mdicatmg methods. 
Of all these methods, there is perhaps the greatest field for 
development at the present time in direction finding, and it is 
fortunate that the authors have devoted particular attention to 
this point. The difficulties of thorough control of phase adjust¬ 
ments under all conditions of operation have retarded past 
development, and it is noted that this is receiving special atten¬ 
tion in the new direction finder. 

The following paragraphs summarize the development of a 
complete system of radio aids for the blind landing of airplanes. 
This work has been done in research extending over the past 
four years by the Bureau of Standards serving as the Research 
Division of the Aeronautics Branch, Department of Commerce. 
The system described meets all the requirements laid down by 
Messrs. Green and Becker in the second paragraph of the paper 
imder the heading “Landing Aids.” It has recently been 
demonstrated to the public in a series of completely blind land¬ 
ings under practical operating conditions. 

This system gives position in all three dimensions—lateral, 
longitudinal, and vertical—^which is the information that the 
pilot must have to make a landing. Lateral position is given by 
a runway localizing beacon, longitudinal position by marker 
beacons, and vertical position by a landing beam. 

Work on this research project was divided into three stages, 
the first of which consisted of fundamental experiments and re¬ 
search to develop the basic component parts of the system, in¬ 
cluding the runway localizing beacon, marker beacons, landing 
beam, and suitable radio receiving and indicating apparatus for 
use in the air. The second stage consisted of the practical de¬ 
velopment of these component parts, fitting them together to 
form a complete system and finally demonstrating the practica¬ 
bility of the system through the medium of an extensive series of 
hooded landings, conducted by the Aeronautics Branch at its 
experimental flying field at College Park, Maryland. The third 
stage of the development, which involves the testing of the com¬ 
plete system experimentally under the conditions obtaining at a 
commercial airport, is under way at the Newark, N. J., Municipal 
Airport where the city of Newark has cooperated in the instal¬ 
lation of the system. 

The work at the Newark Airport includes fog landings as well 
as hooded landings. The former are, of course, more representar 
tive of operating conditions. While the Newark installation is 
not for service use in air passenger operations, it affords an 
opportunity for cooperative experimentation with air transport 
operators. 

This system of landing aids is so designed as to require a nodni- 
mum of special equipment on the airplane and to provide maxi¬ 
mum convenience to the pilot. It is an airport system, all of the 
radio transmitting equipment being located on the ground at an 
airport. The lateral localizing of the runway is given by a small 
radio range-beacon of visual type operating on a frequency in 
the neighborhood of 300 kilocycles. The vertical direction is 
provided by a landing-beam transmitter operating on about 
100,000 kilocycles; this gives a radio beam which is directive in 


*See page 738. 
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the vertical plane, and marks out a line of equal received inten¬ 
sity in. space which is tangent to the ground and suitably curved 
for the operation of landing. Longitudinal position is furnished 
by two marker beacons, low-power radio transmitters which 
gSve the pilot special signals, one of which he hears as he passes 
over a point 2,000 feet before the edge of the field is 

reached and the other is heard at the edge of the field. 

The pilot hears the marker-beacon signals in his headphones. 
The indications from the runway localizing beacon and the land¬ 
ing beam are received on a single instrument with two pointers. 
One pointer is vertical and tells him his position laterally, and 
the other is horizontal and tells him his position in the vertical 
plane. By so operating the airplane controls as to keep the two 
pointers crossed at right angles, like the crosshairs of a gun- 
sight, the pilot keeps the plane on the proper path for landing. 
When he hears the second marker-beacon signal he levels off and 
lands. The airplane equipment includes a distance ^dicator 
and other auxiHary aids. 

Many auxiliary problems have been worked out, such as the 
coordinating of two-way telephone communication with the 
other radio devices, ^d the provision of a monitoring arrange¬ 
ment for the tests of the system. Experiments also have been 
made to adapt the equipment for use with all wind directions. 
The runway localizing beacon has been successfully operated in a 
pit below ground level, thus permitting its use in the center of a 
landing area. The experience at Newark, however, indicates that 
in practice it may not be necessary to provide service through¬ 
out 860 deg. In the Newark installation the runway localizing 
beacon and landing-beam transmitter are located northeast of 
the held, northeast being the direction of the prevailing winds 
during times of' low visability. Both of these transmitters are 
capable of serving any direction throughout a 45 deg sector, 
which is sufficient to care for the wind conditions. 

P. V* H* Wcemsx When not in sight of known landmarks, 
there are only two methods of fixing the position of aircraft in 
flight. We may apply the celestial navigation methods long 
used by the mariner, or else we may utilize the directional 
characteristics of radio waves. Celestial navigation is not avail¬ 
able ip fog, while on the other hand, it is a relatively simple 
and inexpensive method wholly self-contained, that is, it re¬ 
quires no cooperation of equipment or personnel outside the 
plane. Radio is independent of fog or other low visibility, but 
it does require assistance from equipment and personnel outside 
the plane. Furthermore, radio equipment is relatively expensive 
and complicated. 

The most promising feature of radio navigation is the fact 
that so much has been accomplished in such a short time. Radio 
is a new art. In fact, most of us have grown up with it. With 
80 much progress made in such a short time, it is logical to as¬ 
sume that another decade will result in the simplification and 
improvement of radio aids to air navigation to the point where 
it will be indispensable and almost universally used- 

The science of air navigation is an extensive and difficult 
subject. The future will require navigation specialists who 
devote full time to the subject. In fact, during the development 
stage, full time may be devoted to radio alone to good advantage. 
Regardless of the preferred method, one fact must be kept in 
mind, xoe should use oil means availohle for the safe navigation of 
aircraft. This includes dead reckoning, radio, and celestial 
navigation. The remainder of this discussion is restricted to 
radio; those interested in the other two methods are referred to 
^‘Air Navigation,** (McGraw-Hill) for details. 

Aside from its value for rapid communication in flight, radio 
navigation equipment is becoming standard equipment for planes 


in scheduled passenger flight. The widest use for radio for navi¬ 
gation purposes is found in the simple course indicators for use 
with the airway beacons on established airways. There are 
various types; aural, visual, or a combination. Also, the direc¬ 
tion finder may be located either in the plane or on the ground. 
The details of these devices are explained in detail by the Depart¬ 
ment of Commerce “Air Commerce Bulletin,*’ or by literature 
furnished by the manufacturers. 

The ultimate goal of the air navigator is an automatic radio 
“super-metal mike** which will steer a plane continuously on its 
direct course regardless of wind drift. Such a device is the G-B 
automatic steering control with automatic radio drift correc¬ 
tion. The writer was privileged to see two impressive demon¬ 
strations of this equipment. While the details of this equipment 
are in the development stage, the basic principles are definitely 
established. It should now merely be a question of time, in¬ 
tensity of demand, and the generous backing of the government, 
before a plane can take off and fly surely in a direct line to any 
desired point merely by grinding in the “address” of the destina¬ 
tion. The address is given in the form of the course to be steered 
which is set for the automatic steering de-vice. The plane will 
then take up a course at an angle to the true course equal to the 
-wind drift and “crab” in a direct line to the destination. The 
latter part of the paper gives the details of this device and in 
Fig. 8 illustrates the demonstration equipment. In the writer’s 
opinion it is difficult to over-estimate the value of this develop¬ 
ment to future aviation. With the simple addition of means for 
observing bearings received from a second station, the air navi¬ 
gator is enabled not only to proceed diroct to his destination, 
but he may also determine his progress along the course at will. 

The research necessary for the development of this and other 
equipment is expensive, and can only be carried out by the 
government or by large corporations such as the General Electrio 
Company. The government should back the efforts of the 
General Electric and other firms by placing orders for the finished 
product, and by giving prizes for methods and equipment meeting 
the required rigid specifications. 

G« F* Greeiis Three comments coming from Commander 
Thompson’s discussion should be noted: 

The metal structure of an airplane introduces errors in the 
compass bearings obtained with radio, which are comparable 
with those obtained on the magnetic compass. These can be 
compensated for ip. much the same way either by using a cor¬ 
rection card or a correction cam in the controller circuit. 

Errors obtained by a shift in apparent dhreotion of wave propa¬ 
gation caused by interference of the reflected wave have to date 
been corrected only by special receiving and transmitting loops. 
It is believed that this method will be perfected so that accurate 
bearings may be obtained 24 hours of the day. 

The value of radio compasses in war time will depend a great 
deal on the partipular countries engaged. During -the last wm 
the high power low frequency stations, such as New Brunswick, 
N. J., Nauen, Germany, Bordeaux, France, and Carnarvon, 
Wales, worked almost continuously, and in Europe it would be 
rather difficult consistently to blanket out these stations. Any 
broad interfering wave transmitted to cause interference wo-uld 
have very little range. 

Doctor Dellinger’s timely short descrip-tion of the system now 
undergoing -tes-ts at Newark, N. J., is of special interest since it 
is the result of extended work. The authors agree heartily with 
Commander Weems in his italicized words, not only in regard to 
navigation but also concerning other mat-ters contributing to 
safety in flfeht. 



Radio Aids to Air Navigation 
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I T IS considered advisable to state in introducing 
this paper that its principal subject matter covers 
equipment which is believed to embody new and 
interesting features, but that refinement in detail and 
further testing are still necessary to reduce it for 
service. If so reduced its adoption will depend on 
its ability to compete with other systems of naviga¬ 
tion from the standpoint of application, accuracy, 
simplicity, reliability, weight, size, and cost. 

Radio has played an outstanding part in the pro¬ 
motion and maintenance of regular scheduled fight 
and safety in air transportation. In a relatively 
short time it has become an essential means of 
^mmunication and navigation, and is steadily 
increasing the number and extent of its applications. 
It is particularly useful because it furnishes the 
navigator with reference axes and points. 

One- ^d two-way communication have placed 
at the disposal of the pilot: weather information at 
points along the route, traffic conditions on the air¬ 
way and at the terminals, assistance in case of 
trouble, and in isolated cases almost the sole means of 
effecting a landing in low fog at the terminal airport. 
Stations along the federal airways, installed atiH 
maintained by the Airways Division of the U.S. 
Department of Commerce, give weather information 
collected from 93 weather stations by teletype, while 
stations of the individual operators handle dispatch¬ 
ing, traffic direction, and related matters. 

In general, radio methods for course and position 
determination fall under three headings: (1) range 
beacons, (2) direction finding of aircraft position by 
ground stations, and (3) duection finding on the 
aircraft itself. 

In the United States the first has been employed 
almost exclusively. The Department of Commerce 
has installed two types of radio range beacon stations 
along the federal airways of the country. The aural 
type making use of code signals indicates, by the 
interlocking of the “dash-dot” and “dot-dash” into 
one long dash, that the plane is on the course; 
periodic station-identifying code letters indicate the 
course followed. The visual type employing two 
modulation frequencies and a tuned reed indicator 
shows flight along the course by equal amplitude of 
reed vibration. Both systems have been described 
in much detail in various journals. The aural 

range beacons have been in use since the establish¬ 
ment of the airways, while developmental visual 
stations have now led to the construction of a con- 
sidwable numb^ of this type. Continual progress 
M bemg made in ^ese services, resulting in such 
J^pi’ovements as sunultaneous telephone and range 
beacons, T-L antenna sj^tem to overcome “night 
effect,” an d the reed converter for visual 

♦General Electric Company, Schenectady, N. Y. 
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Directive beacons, with the straight airway be¬ 
tween them, are supplemented by small marker bea¬ 
cons at intervals along the route. These low-power 
transmitters, giving a characteristic signal, serve to 
indicate position along the airway. 

Here, then, is a system of communication, a system 
of navigation along fixed routes, and means of getting 
approximate position on the route, which have been 
of inestimable value. 

Navigation along independent routes requires 
direction and position finding either (1) on the 
ground with transmission to the aircraft as in use on 
the airways of Europe or (2) on the aircraft by 
direction toder or compass. In the former, ground, 
direction-finding stations triangulate on the charac¬ 
teristic radio signal of the plane and, having deter- 
nmed the craft’s position by combining their indi¬ 
vidual readings, transmit it to the plane. This 
system has the disadvantages that the indications are 
not continuous and that the position indicated is that 
occupied by the plane some time previous. 

Dkection finders based on minimum signal em- 
ploymg loops aboard the craft are in extensive use on 
marine vessels, lighter-than-air craft, and also to 
some extent on airplanes. This equipment makes 
possible the fixing of position by triangulation, and 
gtud^ce along a route toward or away from a trans¬ 
mitting station by maintaining the indication at the 
minit num; but it does not show that a deviation is to 
the right or left of the course. A radio compass 
mak^ possible direction finding and gives right and 
left indication of deviations from the course. 


Radio Compass 

An ideal radio compass for use in controlling the 
course of an aircraft would be one that would give 
right and left indications on both continuous and 
modulated wave radio signals sensitive around the 
zero position, and not destroy the characteristics o^ 
the sig^ials used in communication. 

Radio compasses have been in use for years along 
the coast to determine the position of ships. In 
these installations loop antennas are used to get the 
line between the groimd station and the ship, but the 
loop alone does not tell at which end of the line the 
ship is located except, of course, that on the east 
coast the ship naturally will be to the east of the 
station. In order to determine from which end of 
the line the signal is coming it is necessary to compare 
the output of the loop antenna with the output of a 
vertical wire antenna. This is done by combining 
the two outputs and noting the effect in head phones 
when the loop is swung from one side of zero to the 
other. 

A tadio compass for use on aircraft must give right 
and left indications on a visual indicator so that if the 
pilot when flying toward a radio station turns the 
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ship to the right, the indicator must turn to the right; 
if he is flying on a course away from the radio station 
and the ship is turned to the right, the indicator 
must show left, indicating that he is flying away from 
the radio station. Several radio compasses have 
been developed to give these indications. In general 
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Fig. 1—Diagrams Il¬ 
lustrating THE Opera¬ 
tion OP THE Radio Com¬ 
pass Shown in Fig. 2. 
See Text for Explana¬ 
tion 



these contain some form of a synchronized switchmg 
device which rapidly switches the polarity of the loop 
with respect to the vertical antenna and at the same 
time switches the rectified audio frequency output 
using a zero-center indicating device; this gives a 
sense of direction if the loop increases the voltage 
picked up on the vertical antenna when connected 
for right indication, and budks when the mdicator is 
connected for left indication. This prinaple gives 



tens tic ox tuc ojigxiixjL iwj. *** . ; 

accuracy is effected by phase-angle shifts m the ra<ho 
receiver due to any regeneration that might be 

radio compass utilizing an entirely ^erent 
principle has been under development; it “ot 
depend on synchronizing the input and output of ^e 
radio receiver, and it does not destooy the modulation 
that might be present on the radio signal. ^ 

A loop antenna has directional characteristics m 
that the^voltage induced in it becomes a mmmum 
wh«iX loop i normal to the direction of the radio 
wa^, whereS a vertical wire antenna has no Sec¬ 
tional characteristic to waves approachmg m 

hoS.nS plane. Also the polarity of the loop with 

resoect to the vertical wire antenna can be revised 
bv^rotation; thus it is possible to use the voltage 
from 4e loop to buck or boost the voltage mduced m 

a vertical wire. 


The foregoi^ describes a method of indicating 
when the loop is not normal to the direction of propa¬ 
gation of the radio wave and also to which side it is 
turned. The next step is to transform the combined 
radio frequency energy from the loop and vertical 
wire to direct current which will reverse when the 
loop is turned from the bucking to the boosting 
position. This is accomplished by modulating the 
output of the loop with an audio frequency having a 
wave form as shown in Fig. lA. This wave form is 
maintained through the radio receiver and audio 
output to a non-linear resistor in series with the visual 
indicator. A non-linear resistor is one in which the 
current does not change in proportion to the applied 
voltage; thus if an alternating current having a wave 
form as in Fig. lA is applied to the resistor, the 
polarity of the wave having the highest peak value 
win cause more current to flow than the opposite 
polarity even though the rms values of both sides be 
the same. This increase in current from one side 
of the wave causes an indication in the d-c indicator 
and if the alternating current be reversed the indica¬ 
tion win be reversed. Turning the radio loop from 
its zero position to one side or the other causes the 
peak side of the audio frequency output of the re¬ 
ceiver to appear on one side of the wave or the other. 

In Fig. \B is shown the radio frequency envelope of 
output from the loop, which does not appear ex^pt 
when the loop is turned off normal; this is combined 
with the steady wave Fig. \C from the vertical 
antenna. Figure ID shows the resultant when the 
loop is turned in the proper direction to cause its 
voltage to add to that in the vertical antenna, and 
Fig. IE shows the resultant when the two voltages 



Fio. 2— ScHBMATic Diagram op Radio Compass for Air 
Navigation 


• bucking. Figures IF and IG show the resultant 
? rectified currents from the radio receiver detector, 
ken the aircraft is on its course, the radio loop is 
rmal to the radio wave and the voltage rctoss it is 
nmiinium. Therefore there is no effect of the 
mpass attadiment transmitted to the receiver and 
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head phones, thus allowing the receiver to be used for 
communication purposes. 

Referring to the schematic diagram, Fig. 2, the 
compass effect is transmitted through condenser Ct 
to the antenna binding post of the receiver, and the 
audio frequency output is connected directly to the 
head phones and indicating system. Condenser Ci 
and inductor Li are used to prevent excessive voice 
modulation from appearing on the indicator; i? is the 
non-linear resistor and C 2 is a smoothing condenser. 
The wave shape Fig. 1 is obtained by the action of 
resistor R, and the grid current in the modulating 
tube; this wave shape can be duplicated by com¬ 
bining the fxmdamental and second harmonic in the 
proper ^pUtude ratio and phase angle difference. 
Thus it is possible to modulate the loop energy with 
an audio frequency / and combine it with a 2/ fre¬ 
quency at the non-linear resistor; but any shift in 
phase relation caused by a delayed action in the 
radio receiver would tend to make the indication 
msensitive, or if carried too far the indicator would 
show reversed directions. This difficulty is a com¬ 
mon experience with the type of compass that de¬ 
pends on the synchronized switching between the 
radio receiver input and output circuits, and prevents 
the use of any form of regeneration. With the 
comp^ just described, regeneration up to the point 
of oscillation does not int^ere with the accuracy of 
the coDipass attadunGnt—^in fact when the receiver is 
oscillating as used for continuous wave telegraph 
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Fig. 3-Diagram Showwo Drift of an AirplakbPromaStraio: 

Line Course Caused by Wind 

^ obtained, but the 
S^u^ty of the overall system is considerablv 
recced because of the overload on the detector staff/ 

ca^bfS automtic volume contfoi 

St control 

increases the amplitude of 
the combined signal from the radio loop and v^cal 


antenna, but also maintains the ratio between the / 
and 2/ frequency in the audio output circuit. Re¬ 
ferring to Fig. 1 it may be noted that the average 
values of the radio frequency current when the loop 
voltage adds to that from the antenna (Fig. ID and 
F) is higher than when it opposes (Fig. IE and G). 
This causes a shift in the operating level at the de¬ 
tector tube and if, when using automatic volume 
control, an attempt is made to operate on too power¬ 
ful a signal, erratic results will be obtained. This can 
be compensated partially by varying the respective 
pick-up between the loop and antenna. It is ex- 
pm^ced only when approaching a powerful trans¬ 
mitting antenna and generally is not required with 
a hand operated volume control. 

The audio frequency required to modulate the loop 
output can be of any value that will pass through the 
receiver without too much distortion. There are 
two factors which govern the frequency: if the fre¬ 
quency is higher than 1,600 cycles, a high-pass filter 
can be used to limit voice effects from appearing on 
the indicator; because the modulating frequency is 
made up of a fundamental and second harmonic, 
the reemver should be capable of handling the second 
harmonic frequency without too much transmission 
loss, otherwise the sensitivity will be affected. It 
also may be desirable to keep the frequency fairly 
high in order to use the Ipwer range for continuous 
wave telegraph reception. 

The sensitivity around the zero point depends on 
the type of signal being received. On unmodulated 
wntmuous wave stations it is a maximum, and on 
badly overmodulated waves a minimum, averaging 
appoximately 10 deg for full scale deflection day- 
hght r^eption on broadcast stations 160 miles away. 
By usmg head phones directions can be obtained 
down to a fraction of a degree. 

<^'5t^ce range of the compass attachment is 
imuted to that of the radio receiver with which it is 
operated; in generd it will give satisfactory bearings 
on broadcast stations that can be received loud 
enough for ordmary loud-speaker operation or, in 
^f'^raft, the range is aboSt the same as 
that obtamable for head phone reception. Rough 
^^m^ cm be obtained in bad static conditions 
wl^ telephone reception is impractical. 

^ satefactory radio compass it becomes pos¬ 
sible to na^ate an aircraft with much greater ac- 

i^ht ^p^tions over strange territory or water' 
it IS valuable m^ photographing; when one is lost it 
ecom^ ustful in obtaining angles for triangulation; 

‘“tonlacally 

Combination of Radio Compass and Magnetic 
Compass 

^ ^ wishes to fly from 

Washmgton, D. C., to Schenectady, N Y andmai^ 

witn a west wmd blowmg he would travel a course 
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Ali to the* east, never arriving in Schenectady. If he 
tuned in radio station WGY and flew according to 
the radio compass the course would be along ARF 
eventually arriving l)ut traveling a considerable dis¬ 
tance tuit of his way. Referring to Fig. 4 it may be 
noted that angle a Iwtwcen the magnetic north and 


aCHCMCCTAOV 
WQV AIRPORT 



. I II I— 


I jMAnkAM IltiW AN Is lljaU TU ItH 

CuriiM IS** Rahim* MA^iNimc, and Gyro Units in a 

t%iMi*Ass Svstr.M 


the course remains constant whereiis if the craft 
shouhl tlrift t«» the left, for instance, it might still be 
heailcd for its destination by following the radio 
compass hut tlwr angle with respect to the north pole 
would Ijccome h. Thus iu order to maintain both the 
magnetic angle sind the radio compass satisfied, it is 
nece.ssary to keep on a straight line course to the 


liestination. ^ 

The following system to aceomph.sh correction for 
drift will t»i>eratc with any type of compass, but 
tests have lieen made with the magneto compass, 
heua; a brief de.scriptiou of this instrument is given. 
It is essentially a small d-c generator (Fig. 5) which 
depends on the earth’s magnetic field for excitetion 
and obtains its rotating power cither from a 12-volt, 
motor or a wind driven impeller* In order to collect 
a maximum of magnetic flux for the field, permalloy 
iwles are used. A sensitive center-scale ammeter is 
used for the indicator and the indication becomes 
zero when the poles are in the east-west position. 
The instant tlu; poles are turned away from this 
position a magnetic field is established across the 
armature causing a voltage to be generated and an 
indication on the indicator, the direction depen^ng 
upon which way the flux travels through the 
There is a remote control or course-setter 
enables the poles to be rotated to a position 
will be east and west when the aircraft is on its 
proper course. The output of the compass generator 


also can be used to operate a sensitive polarized relay 
which in turn can be used to operate an automatic 
steering engine, Fig. 6. This engine is driven by a 
12-volt motor which rotates the steering drum in 
either direction by the use of electrically operated 
clutches. The clutches are controlled by the mag¬ 
neto compass and the overall system is stabilized by 
a follow-up system which introduces a counter emf 
in the compass circuit eventually becoming equal 
and opposite in polarity to the current generated by 
the compass. The follow-up device is operated 
directly from the steering drum and permits the 
rudder to be turned an amount proportional to the 
current from the compass. It also causes the rudder 
to return to its mid-position without overshooting. 

Referring to Fig. 7 it may be noted that in order to 
maintain a straight course between the starting point 
and the destination, it is necessary to maintain the 
radio compass loop Li JU normal to the course and 
the magnetic compass poles Pi Pi east and west. 
If the aircraft be permitted to drift to position B 
and the angles of both compasses are not changed, 
then it may be seen that the radio loop is no longer 
normal to the radio station or course; and if the 
output of the radio compass was used to control the 
rudder, the craft would make a left turn toward the 
straight line course. 

In order to make this correction automatic it is 
necessary to operate the compass pole rotating 



Fxg. 6—A Motor Driven Magneto Compass Generator With 
Cover Removed 

mechanism with a motor and also to permit the loop 
to be rotated. Figure 8 shows a test stand equipped 
with the developmental equipment. The steen^ 
engine here differs somewhat from the one previously 
shown in that it contains an extra set of dutches and 
a differential gear box, the drum on top of the engine 
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having a small metal rudder which represents the 
rudder of an aircraft. The control panel is arranged 
so that the rudder can be operated directly by either 
the magneto compass, the radio compass, or the 
combination of the two which gives automatic drift 
correction. When switched for drift correction the 
magneto compass poles are automatically kept in an 
east-west position by using the output of the compass 
to control the second clutch assembly; this in turn 
rotates the pol^ until the compass output is zero. 
Attached to this clutch mechanism is a differential 
gear box which is connected mech anic ally to the 
rotating mechanism of the radio loop. The differ¬ 
ential gear box permits the angle between the radio 
compass and the magneto compass to be set and after 
that no matter winch way the aircraft is turned the 
two compasses will remain at a fixed angle with 
respect to the magnetic north pole. 

The output of the radio compass controls the 
rudder and thus the craft is directed according to 
the angle set up between the two compasses. To 
correct for wind effects the craft will automatically 
assume a heading or “crab" into the wind a sufficient 
amount to maintain its course on a straight line. 
If the wind increMes or decreases the “crabbing” 
angle will automatically change. 

The g^o turn compensator is used to stabihze the 
system in rough weather and when making rapid 
turns, although the equipment is intended for use 
only for fairly long level flights and not for rapid 
maneuvers. 

Referring to Fig. 8 showing the control panel, the 


straight course and the angle of crab, it remains 
necessary only to determine ground speed to deter¬ 
mine the exact location during the flight. This may 
be determined by orienting the loop on a second radio 
transmitting station. 

Using test equipment a plane has been automati- 


eaMn9asP0Lg*“ 





F I O. 7 r A G R A M 
Showing How an Air¬ 
plane Is Held to Its 
Course nv a Com¬ 
bined Radio and 
. Magnetic Comi»ass 
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Fro. 6 —Dbvblopmbntai, Aircraft Ruddbr Enginb for 
Automatic Stbbring, With Dynamotor 

co^e setter to the right is used to set the angle of 
course ^d the indicator to the left showl the 
actual h^eadmg of the aircraft. By subtracting the 
two angl^ the difference indicates Ae aSe^^c^ab 

After estabhshmg the ability of maintaining a 


cally stewed to destination with correction for drift 
by the described method, but work remains to be 
done to reduce the equipment to service form. 

Landing Aids 

The safe landing of aircraft during adverse weather 

confronting 

air riansportation. In general, transport companies 
avoid ^y possibihty of being caught in a position 
where it is necepiry to attempt a landing in fog, in 
way that all ocean liners meet their corre- 
several organizations 
Me now makmg strenuous efforts to solve this 
probl^. Here it is that all the agencies are to be 
mv^tigated, radio, sound, light, and any others for 
ea^ may contribute to the iolution. ^ ’ 

flightplanes at an airport under blind 
requires the guidance of the plane 
determined by 

radio compass to an approach course at the airoort 
of nmway position, knowledge of 
the^^rt^°^^ conditions about 

SevMal methods have been proposed and demon- 
s^ted, mduding the Guggenheim Fund work of 
Major Doohttle, the short-wave radio hMm de 
veloped by the Aeronautics Research Division the 
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Department of Commerce at the U.S. Bureau of 
Standards, the system developed at Wright Field by 
Captain Hegenberger, and others. As in other 
flight equipment, it is desirable to limit the total 
apparatus, particularly that on the plane, to a mini- 
mtun, and to make use as far as possible of instru¬ 
ments that are needed for normal flights or that 
become an aid in emergency landings. Thus the 
relocation of those range beacon transmitters situ- 



Fig. 8-—Experimental Automatic Steering Control With 
Automatic Radio Drift Correction, Mounted on a Test Stand 


ated near an airport such that one of the raiflating 
courses lies across the airport as now planned by the 
airways division will assist the pilot, and the use of 
available receiving equipment aboard the pme 
without duplication serves to reduce the earned 

weight to a minimum. . . , i. 

A few portable runway-locahzing beacons have 
been constructed which have outputs of from 10 to 
15 watts. These use anaU cross loop antemas w 
located that the vertical plane contatnmg the 
of the desired runway bisects the angle between the 
two loops. These beacons are essentiafly the same 
as the radio range beacons mentioned previously 
except smaller in size and output. 


The range of the locaUzer transmitters is from 7 to 
16 miles so that a plane may be brought in from a 
distant range beacon course to the desired runway. 
It is desirable that the set be adapted to voice 
modulation, thus placing the operator in telephone 
communication with the pilot at any time. 

The localizing beacon can be used with several 
types of supplementary aids. Airport boundary 
mar kin g may be effected by radio or sonic markers 
each throwing out a barrage through which the plane, 
in passing, receives an aural or visual indication. 
The indication of height above ground may be 
determined by a sensitive barometric altimeter or by 
a sonic altimeter. The first gives approximate 
comparative heights which do not follow the contour 
of the terrain while the sonic altimeter, described 
elsewhere,®’^ permits the pilot to know his height 
during the glide over adjacent ground, the time at 
which he passes the boxmdary, providing the sonic 
type of boundary marker is used, and the gradual 
approach to the surface of the runway in normal 
gliding position thus eliminating the necessity for a 
shock landing. The sonic altimeter likewise is 
effective in emergency landings. 

It is not yet apparent what the ultimate system or 
systems ■v^ be, but whatever leads to successful 
operation will lean heavily upon radio aids. Teste 
conducted to date with the eqmpment described m 
tkifi paper show results indicative of material aid in 
the solution of problems of flight. 
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Reactive Power Concepts in Need of Clarification 

BY ARCHER E. KNOWLTON* 

Fellow A.I.B.B. 


Synopsis.—To assist in clarifying the present concepts of reactive An analysis of the reactive conventions made by Doctor Silsbee, a, 
power, the following introdwMon to the subject has been prepared, member of the subcommittee, is included. 


I F ALL electrical iron cOuld by divine decree oi 
presidential prodamation be straightened into 
uniform permeability over its whole range of 
magnetization there would be less occasion to raise 
the question of adequacy of our prevailing concepts 
of reactive power and power factor. If all syn¬ 
chronous machine windings under all conditions of 
loading could have flux ^stribution in strict con¬ 
formity with symmetrical sinusoidal generation 
there would be still less. Moreover, the excuse 
would nearly vanish if polyphase circuits could 
always be held to rigid balance of impedances on 
their lines and loads. With these factors dimin at^d 
^e re^due of doubt, if any, would be a topic to 
intrigue only the academic and metaphysical minds. 

But no one of these 3 ideals is attained fully in 
practice and the de^ee of departure in any particu¬ 
lar instance is what justifies an effort to take some of 
the slack out of the power factor and reactive con¬ 
cepts. However, power factor is only a ratio ex¬ 
pressing the interrelations between true power, 
apparent power, and reactive power. The focus is 
at once upon reactive power because of the 3 aspects 
of energy flow, it has been given second place in 
analysis and measurement. 

The quadrature component accompanying energy 
flow in inductive and capacitive circuits has vagaries 
which, relatively speaking, have been overlooked 
wMe energy, power, voltage, and current were 
being explored and reduced to systematic and con¬ 
ventional procedure. During the last 6 years there 
has been a growing disposition in academic circles 
to turn the mathematical weapons conceitedly 
upon the reactive constituent. To Prof. Constantin 
D. Busik of the Polytechnic School at Bucharest, 
Roumaim, and Roumanian representative on the 
International Electrotechnical Commission, is given 
most of the credit for bringing the loose status of 
flux-energy to the fore. At the International 
ConfCTence on High-Voltage Electric Systems (Paris, 
1927), Professor Busila presented a paper, “The 
Power Factor and Its Improvement.” Discussion 
of it disclosed subh differences of opinion on the 
basic phenomena that a special advisory committee 
was formed under Roumanian sponsorship. Out 
of it came the Roumanian “Questionnaire on the 
Problem of Reactive Power” which was given inter¬ 
national circulation. 


mittee* was constituted by the standards committee 
to prepare an answer. In 1931 the only answer that 
could even partially be agreed upon as a suggestion 
to the standards committee for transmission to the 
Roumanian committee was that: 

. prevailing methods of measuring reactive components 
are acceptable as a practical expediency, ^though it is recognized 
that e^ors of measurement are incurred under unbalanced and non- 
sinusoidal conditions. However, the relative unimportance, from 
the economic standpoint, of reactive power flow as compared with 
demand and energy elements of electricity costs tends to discount 
the value of an exhaustive and abstract analysis of the inconsistencies 
of reactive concepts and the corresponding technique of measure¬ 
ment. In brief, American practice is content with the definition of 
reactive component as that quantity which is measured when the 
potential is shifted to quadrature with its appropriate vector posi¬ 
tion for true power measurement. 

Such an answer at the most appears to be evasive 
or temporary and not erudite or graced with much 
professional courtesy. The committee set about 
assembling the foundation for a more comprehensive 
answer. The symposium on reactive power at the 
Institute’s North. Eastern District meeting in 
Schenectady, May 10-12, 1933, is one result and is 
a major phase of tte subcommittee’s activity. 

That is the history. Now why so much concern 
about a circuit manifestation that is always sub¬ 
ordinate to iie energy and power objectives of prac¬ 
tical operation? It is condoned and tolerated, 
manipulated subserviently, by some 'viewed merely 
as the source of power-factor characteristics, by 
others as merely something to be metered as simply 
as possible. But the Institute owes to the profession 
the reduction of the quadrature component to the 
same degree of specificity as has been done with the 
true power ^d energy. Otherwise there can be 
no rigid definition of power factor (we have one now 
but it is admittedly not the whole and final answer). 
In fact the whole uncertainty about reactive power 
could readily be exaggerated to the point where 
power factor would have to sacrifice its present abode 
among the 41ite definitions (like those of energy, 
potential, capacitance, etc.) and move into a more 
plebeian neighborhood (among diversity factor 
load factor, use factor, etc.). Some of the queries 
raised about the quadrature component must, unless 
It IS reduced to systematic treatment, lead to that 
result for all persons who think occasionally of cir¬ 
cuits other than those permanently balanced and 
subjected only to sinusoidal currents and sinusoidal 
voltages. 


No categorical answer to that questionnaire has 
been given by the A.I.E.E. A special subcom- 


^Chainnaai, A.X.G.S. Subconiniittee on Reactive Power 
. ^cle sttves as an introduction to the reactive power syn 
P(^um hdd di^g the Institute’s North Eastern District Meetin 
Sdienectady, N. Y.. May 10-12,1933. J*ieeani 


En^gy in transit in an electrical system can per- 
naps he lihened to an. army on the march over varied 
terr^. The ideal would be an accelerated and 
synchronized movement of all branches up to noon 


■nr power: vannevar Bush, A. L. Cook 

W. B. KouwMhoyen, F. A. Laws, P. MacGahan, F. V. 

E. J. Rntan, F. B. Silsbee, and A. E. Knowiton, chairman. 
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and a decelerated movement toward nightfall and 
encampment—smooth progress “all above the line” 
like the instantaneous progress of energy in a non¬ 
reactive circuit. But Actually the tired and pon¬ 
derous units “lag” and dday the procession when the 
going meets obstacles. Light and eager units 
“lead” the rush when there are vacant and alluring 
tarrying points ahead. Most of the army-ultimately 
gets to its destination and is potentially useful on 
arrival but the route and the terminal bring out the 
mobility idiosyncrasies of heavy tanks and fast 
motor units, speedy cavalry, and sluggish infsmtry. 
The laws of the mass movement are r^tively simple 
but the laws of the out-of-phase movements are a bit 
intricate. Inject the rearward movement of tmits 
back to the base for refreshment and recoupment 
and the picture becomes more complete and more 
intricate. What is the “power factor” of such a 
system? What would it be for a complete military 
force embracing 3 armies moving in parallel to a 
common objective? 

To make the presentation more specific in electro¬ 
technical terms here are a few of the vagaries, 
occasionally stated categorically but in fact subject 
to argument and, at present, opinion. The au&or 
Hisolaims any intention to take sides on any point. 
The intent of this introduction and of the Schenec¬ 
tady symposium is to elicit all viewpoints with the 
hope of clarifying the issue and making progress 
toward conventional handling of the concepts, the 
terminology, the symbolism, the metering, and the 
economic application of the reactive component of 
energy flow. The following are l^gdy paraphrased 
from the Roumanian Questionnaire. 

1. Reactive power is not conserved in exchanges between drcmts 
of different frequency (rotor and stator of induction motor, for 
example.) 

2. Reactive power to some may present a paradoxical todency 
to change sign when the phase-sequence or alternator rotation is 
reversed. 


3 For some, reactive power is distinct from the inean intrinsic 
energy localized in the electric and magnetic flux fields. 


4. Some apparently attribute to reactive power oidy ^t degree of 
reality that attends the circulation or oscillation of mtemsic ^er^ 
between the reactive receiving devices and the transnuttuig network. 


6 Since (4) leads to a mean value of zero for the instantaneous 
condition of the interchanges, some hold that reactive power is 
wholly fictitious and has no reality. 

6 Even though the accepted labelling of restive power “ 

is i^ntical with MW,.-Wo), that is. twice 2,rf tunMJhe net 
difference between instantaneous magnetic and dectrostatic ener- 
Sfs to siStS conditions, what will be taken to / wh«e non- 
Liusoidal conditions arise from a superposition of frequencies? 

7 The orcceding items indicate the necessity of ^bUitog the 
degries oT“S and fictitiousness which shall be assigned to 
reactive power. 

« TTntil this is done there remains an element of unewttoty in 
sinusoidal behavior: 


P ^ El cos ip 
Q * JS / sin ip 

El « VW+Q* 

uncertemty m the the single-phase equivalents 

Ifquantities. The conventional way of 


finding the sinusoidal equivalent of non-sinusoidal quantities meets 
the requirements of true power but introduces inconsistencies with 
regard to the out-of-phase manifestations. 

10. The rising reversion to d-c by way of rectification devices brings 
non-sinusoidal manifestation to the fore and thus accentuates the 
need for elevating reactive concepts toward parity with the true- 
power concepts. 

11. Substitution of equivalent sinusoids suffices for power treat¬ 
ment but, since the proportioning of the harmonics affects the 
reactive quantity, the equival^t sinusoids are not wholly deter¬ 
minative for the reactive quantity. 

12. Reciprocal deformation effects between current and voltage 
occasion cross-product terms in the expansion of a power expression 
which cancel in the final summation for delivered power but they do 
not caned correspondingly in the reactive expression. 

13. It appears that a deformation factor may be needed to rid the 
reactive component of its uncertainty under non-sinusoidal condi¬ 
tions or else a term for ^‘deformation power” introduced as a cor¬ 
rection. One suggestion (Li6nard) has been that “apparent power 
is equal to the maximum of the values which the active power can 
take when we modify in all possible manners the form of the current 
and that of the applied voltage, the effective values of these voltages 
and currents remaining fixed.” 

14. In some quarters “reactive factor” (reactive power divided by 
red power) is coming into use and approaching sanction. It will 
inherit the same weaSness as power factor. 

Those are the elements of the problem. The 
incidence of these areas of doubtful status upon the 
electric system seems to' fall primarily into certain 
categories. First, there is the mathematical ap¬ 
proach to ascertain the degree of reality to be as¬ 
signed to the quadrature component. This is 
treated from the abstract point of view by Professor 
W. V. Lyon in his paper, “Reactive Power and 
Power-Factor.” Second, ^ere is the a^ysis of 
the non-conservative attribute of reactive power 
when viewed from the standpoint of the mesh which 
constitutes the practical system of power trans¬ 
mission; Professor V. G. Smith’s paper, “Reactive 
and Fictitious Power,” is on this topic. Third, 
the technique of symmetrical coordinates could well 
be applied to this subject to ascertain how mu<^ 
conversion to balanced systems would be helpful in 
reducing the uncertainties; this C. L. Fortescue 
has done in his paper, “Power, Reactive Volt- 
AmpCTes, Power-Factor.” Fourth, power system 
operators have come to look upon the reactive com¬ 
ponent as a quantity to be dispatched more or less 
independently of the true power. About it has 
grown a technique which should be correlated with 
the academic analysis; one practice in this respect 
is presented by J. A. Johnson in his paper, “Operating 
Aspects of Reactive Power.” Fifth, the meter 
technician has a point of view on this matter because 
in the final analysis it is his task to meter reactive 
component in conformity with the standards and 
conventions. W. H. Pratt expresses this pomt of 
view in liis paper, “Notes on the hleasurement of 
Reactive Volt-Amperes.” 

More or less distinct from the foregoing is a call 
to establish a conventional procedure in representmg 
the reactive component in power triangl^. 
tice is about evenly divided. Some engineers and 
writers habitually or advisedly draw lagging reactive 
component vertically upward and some draw it 
downward from the right-hand end of the kilowatt 
base. A leading component is of course given the 
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reverse direction by the 2 schools of thought and 
practice. Misinterpretation is manifestly possible 
under such divergent practice where the author 
assumes that the reader belongs to his own camp 
and therefore fails' to labti his ^grams specifically. 

This confusion was referred to the subcominittee 
by the standards committee so that the United States 
national committee of the International Electro¬ 
technical Commission may be enabled to recom¬ 
mend through Prof. A. E. Kennelly to the.committee 
on electromagnetic and magnetic units, the con¬ 
ventional treatment preferred by the A.I.E.E. 
A ballot mailed to 76 actively interested members of 
the Institute brought response from 50 but. there was 
not a strong preponderance for either standard. 
The most comprehensive reply was submitted by 
Dr. F. B. Silsbee, a member of the subcommittee. 
He advocates st^dardizing inductive kilovars as 
positive and capacitive kilovars as negative in power 
triangles. 

With no intention of influencing any one who may 
wish to contribute his preference for the committee’s 
guidance but merely because it displays admirably 
the factors upon winch a decision could be based on 
analytical grounds as contrasted with the habitual, 
the presentation of Dr. Silsbee is incorporated here¬ 
with. The committee will welcome letters from 
Institute members who read this and, because of it 
or in ^ite of it, hope to see a particular geometrical 
direction assigned to reactive power of the inductive 
and capacitive forms when represented with power 
and volt-amperes in power triangles. Dr. Silsbee’s 
presentation follows: 

Alternative Processes for Defining 

THE Sign of Reactive Volt-Amperes 

Tb& following general principles may be set up as governing the 
^option of scientific conventions as to the signs of pli^t rio a l quan- 


1. Positive real quantities are drawn to the right, and positive 
imaginary quantities are drawn upward. 

2. A resultant effect is the (complex) sum of its components. Thus 
if c is the resultant of a and jb, we write c = a jb and draw b 
upward. 

3. By the rules of complex algebra d, the reciprocal of c is given by 

= i « -1 - a 

c 0 + 7*6 o* + b^ o* + 6 * 

4. The uimecessary introduction of negatives in fundamental 
definitions is to be avoided. 

Of the foregoing statements, 1, 2, and 3 are part of our funda¬ 
mental mathematical notation and are now so universally accepted 
as to stand unchallenged. Statement 4 is a more philosophical 
point but of generally recognized weight. 

Confining our attention to sinusoidal current I and voltage E we 
have 

5. =3 P//*, P being the real power. 

6. jlT = - A 

(aC 

7. Z = R +jX. 

y 

8 . The phase angle of the impedance is dz « tan—^ 

R 

The sign of X is the restdt of a purely arbitraiy choice, made so 
long ago that there seems little need, or hope, of changing it. Eq 7 
indicates that impedance is the resultant of resistance and reactance 
in the sense of principle 2 . 

We also have the definition 


which by principle 3 leads to 


and as an abbreviation we define the conductance 

All of the relations to this point follow from the arbitrary prin¬ 
ciple 6 , with no violation of any of the first 4 principles. In the 
definitions of susceptance, B, however, 2 alternatives present them¬ 
selves. One of these, which is that generally used (certainly in 
the United States) will be designated in Table I as I; while the 
opposite, which will be designated by H, has been urged by some. 
The inherent difficulty from the minus sign in 3 is met in a different 
fashion in the 2 conventions and neither is all that could be desired 

Of the alternatives in Table I it will be seen that IBa is the only. 


Table I—Alternative Conventions 


!♦ 


n* 



12. F - 

Tkus satisfying 4 
Whence 

13. Y - G-ys 

violating 2; or stating that Y is nol 
the resultant of G and B. 

The phase angle of admittance is 

14. By - tan-i 



violating 4 
Whence 


13. r « G + jB 
thus satisfying 2 

The phase angle of admittance is 

j jj 

14. By “ tan-i-g- « -Og 


lA 


16. Q - -/sjf 

16. - 

17. « sin By 


lAa lAb 

18. V - B + yo F » P - jQ 


V 


IB 


0 - 

* +£2B 
-f-B/ sin Bz 


IBa IBb 


- + yo F - p - 7Q 


For a circuit in which inductance predominates Q will be drawn 
1^» _ down _ up_ up 


down 


HA 


Q - 

-• +BZ sin By 


HAa IIAb 


V u. p ^jQ F • p - yo 


Q - 


IIB 




-E^B 
+B/ sin Bz 


HBa IIBb 

V ^ P •\‘jQ F « P - yo 


down 


up 


up_ down 




and (if a further violation 
F - P jQ, The re- 
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one which does not involve at least one violation of principle 2 w 
4 in addition to the unavoidable violation at step 12 or 13 which 
occurs in all procedures. Alternatives HA and IIB both suffer 
from the inconvenient change in form (though not in substance) 
according as Q is defined from'X or from B, 

The drawing of the power vector parall^ to the current vector 
(down in the inductive case) is attained in lAa, IBb, HAa and 
IIAb. 

In addition to the formal principles listed above consideration 
should also be given to the following facts; 

20. The almost universal use of constant voltage systems for ^e 
transmission and utilization of electric power makes the calculation 
of circuits by using their admittance, conductance, and susceptance 
the most logical and direct. 
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21. Habits of thought arising by the historical accident that series 
circuits were first studied theoretically make the average engineer 
more familiar with the quantities impedance, resistance, and re¬ 
actance. 

22. The use of reactive power as equivalent to 2a>(Wm~^We) 
where Wm and We are the magnetic and dectrostatic energies, has 
already come into considerable use in the literature. 


Discussion 

For discussion of this paper see page 779. 


REACTIVE POWER CONCEPTS 



Reactive and Fictitious Power 

BY V. G. SMITH* 

Associate, A.I£JS. 

Syru^sis.—In (Ms paper the single-phase and polyphase d^nitions nUion of the effects of distortion and, in the case of four or more wires, 
of reactive power are considered. The single-phase definUion is an- mesh distribution. The geometric difference between the apparent 
satisfactory when the current and voltage wave forms are complex. ■ power and the power may be called the fictitious power to distinguish 
The polyphase definition is pie better but requires the independent recog- it from the reactive power which is only part of the fictitious power. 


T he conception of reactive power originated 
in the single-phase sinusoid^ problem. In 
attempting to extend the idea to complex waves 
and multiple phases, certain difficulties arise which 
are well worth investigation. 

Single-Phasb 

In the A.I.E.B. rul es there are 2 definitions of 
reactive power, * — P* for single-phase 

and SE,/, sin Q„ for polyphase circuits, the summa-. 
tion extending over all harmonics and all phases. 
Applied to single-phase cases they cannot be recon¬ 
ciled except for sine waves or a load of pure resistance 
or its equivalent. 

It may be shown^ (for references see list at end of 
paper) that 

« ysiEJn sin (?„)* -H - 

cos - Bn) + E^nPm } ] = P®, + P®d (1) 

where P, is the reactive power by the pol 3 q>hase 
definition ^d P^ is the square root of lie fourth 
term. This fourth term will vanish if the circuit 
presents the same impedance to all harmonics, 
i. e., if 

Bn, = Bn and =» En/I* (2) 

This quantity is due therefore to the distorting effect 
of the circuit and P^ may be called the “distortion” 
power. (In the Roumanian Questionnaire® it is 
called the “deforming” power but the word “dis¬ 
tortion” is already well established in communication 
literature.) The relations between these quantities 
are shown in Fig. 1. 

Ai-gebraic Signs 

The idea of an algebraic sign is natural for sine 
waves and it' is best to define leading reactive power 
as positive. Now the quantity * VE®/® — P® 
may exist when there is no lead ot lag but merely 
distortion.® In such cases which sign shall be used? 
On the other hand the quantity SE,/, sin 0, 
has a defimte algebraic sign depending upon the 
si nusoidal de finition. Budeanu has of^lled P, = 
VE®/® — P® the fictitious power. Apparently P^ 

♦Assistant Professor of Electrical Engineering, University of 
Toronto, Ontario, Can. 

Presented at the North Eastern District Meeting of the AJEE,, 
Schenectady, N Y,, May 10-12,1933, 


and Pf may be taken as positive, no significance 
being attached to a negative sign. 

The case of a sinusoidal voltage applied to a 
cyclical ly variable resistance is often quoted to show 
that VE®/® — P® may exist when there is no 
electromagnetic energy storage, but it should be 
pointed out that P, = 2E„J, sin 0, may also exist 
under the same conditions if the resistance cycle is 
unsymmetrical with respect to the voltage maximum. 
This would occur where there was heat storage. 
The reactive power P, therefore is, in the most 
general case, an abstract mathematical quantity. 
[1] (When an opMon is expressed concerning 
one of the questions in the Roumanian Questionnaire 
the number of the question is given in square 
brackets.) 

In spite of the fact that distortion and electro¬ 
magnetic energy storage are inextricably mixed in 
the most general case, P, = SEJ. sin 0, is the 
best definition of reactive power yet proposed. It 
forms a symmetrical pair with P = SEX cos ©„, 
reduces correctly to the sinusoidal form in all cases, 
and determines the algebraic sign. Thus the re¬ 
stive power of a neon sign with a resistor ballast 
is zero but the distortion power is not. As the 
phenomenon is really distortion it is surely better so 
to describe it. [9] 

Polyphase Circuits 

The reactive power P, = sEX sin B„, has an 
immediate meaning in a polyphase circuit. The 
order of summation, over phases or harmonics, and 
the point to which the potential differences are 



Fig. 1 Vector Relation Between Po'wbr, Reactive Power, 
FicTmous Power, Distortion Power, and Combined Power in a 
Sinolb-Phasb Circdit 

measured, are immaterial. However, it does not 
give complete information about the system. 


33-57 
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Fortescue* has suggested a definition based on 
symmetrical components but it is limited to sine 
waves and is too special to serve as a general defi¬ 
nition. The fictitious power in pol 3 rph ase circuits 
may be defined as P/ = VP*., — P*> where P., 
is the apparent power. The only satisfactory defi¬ 
nition of the apparent power is that of Lyon® and 
Lifenard.* It is the maximum power obtainable 
when the phases and wave forms of the currents and 
voltages are varied in every possible nu^er con¬ 
sistent with Kirdhhoff’s laws, the effective values 
remaining constant. 

Polyphase Circuits With Sine Waves 

The reactive power P, «= SPX sin is the 
natural definition with sine waves and is the one 
always used. It makes P, the algebraic sum of the 
reactive powers of the load elements. Fictitious 
power can occur even with sine waves if the circuit 
is of 4 or more wires. This includes the case of the 
3-phase 4-wire circuit. 



Fig. 2—^An Example of Fictitious Power, in a Two-Phase 
Four-Wire Mesh Circuit 


the star which takes the same line currents. Both 
take 10 amp per line but in (a) the power is only 
2 kw while in (b) it is 2 \/ 2 kw. Th e fictitious 
mesh power of (a) is V(2 V^* _ 2* =® 2 kw. 
Circuit (c) is the mesh equivalent to (b) while (d) 
and (e) take the same power as (b) on the balanced 
voltages but would not in general take the same 
power. 

In the case of 3 wires the mesh is a delta which 
may be reduced to a wye. A pure resistance delta 
can show no fictitious mesh power. In fact, it may 
be shown that the power is a maximum when the 
total reactive power is zero whether the load is a 
pure resistance or not and that the 3 line currents 
are then in phase with the voltages to a common 
point. The maximum power P„ is VP* + P*, 
for 3 wires, sine waves, and there is no such thing as 
fictitious mesh power in this case. 

Polyphase Circuits With Complex Waves 

It is shown in Appendix II that the resistance star is 
the type of load which absorbs the greatest power 
when the wave forms are complex. In some cases 1 
or 2 negative resistances may be necessary. All that 
has been said concerning meshes and fictitious m e. sh 
power in the sinusoidal case applies equally well 
here. The 3-wire case is again special and will not 
show fictitious mesh power. When the mesh is not 
formed of pure resistances the distortion and mesh 
parts of the fictitious power are inextricably com¬ 
bined. 


It is shown in Appendix I that the stationary 
values of the power occur when each line current is 
in phase with or in opposition to the voltage from 
the corresponding line to some common point. Among 
these stationary values is the greatest power, P,,. 

The simplest type of load to meet these requure- 
ments is a star of positive and negative resistances 
with the neutral point as the common point m 
question. If it is possible’to secure the given root 
mean square line currents by means of a star of all 
positive resistances, that star is unique and takes the 
jireatest possible power, P.,. Sometimes, however, 
it is necessary to introduce 1 or 2 negative resistanc^. 

A m^sh of pure resistances wiU not m general be 
such as to cause the line currents to be in phase vum 
or opposed to the voltages to some common pomt 
Consequently the power is less than P., ana 
fictitious power, 

P, = VP.P* - P* 

exists. It is not due to energy storage or ^tortion 
but to the distribution of the elements of the mesh 
and may be called the “fictitious mesh pow^. 
Meshes which are equivalmt to some pure r^ist- 
ance star will not show fictitious power. O&ct 
meshes may show fictitious power on one voltage 
exrq fA tn fl-ti fj not ou anothcT. ^ , * 4 . 

^A^ple example in a 2 -phase 4-™ K 

shwn hi Fig. 2. Let. (a) be the actual load and (J) 


Measurements 

The measurement of V£*P - P* directly would 
be very difificult but each quantity in it may be 
measured with considerable accuracy. The measure¬ 
ment of S£ J. sin e, is theoretically possible by 
Tfi pari.Q of a series of perfect filters, provided me 
frequency were absolutely constant. In practice, 
the voltages are usually nearly enough sinusoidal 
and balanced that the method of applying a quadra¬ 
ture voltage to a wattmeter is sufficiently accurate. 
If the voltages are sinusoidal and balanced the wave 
forms and unbalance of the currents do not matter 
provided proper methods are used. No direct 
method of measuring the apparent pow» or the 
fictitious power in a polyphase network is knowm 
The currents, voltages, and power may be measured 



PiQ_ 3 —Right-Angled Triangle Connectino P Pr and P«. 
In the Protosbd Definition P« Would Not Equal VI and the 
Angle v Would Have No Mbanino Apart From the Triangle 

and in some cases the apparent and fictitious powers 
calculated from them. 
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Conclusions and Suggestions 

The existing definition of reactive power in a 
single-phase drcuit, * VE^P — P\ leads to an 
unsatisfactory situation when the waves are com¬ 
plex. _A^__attempt to extend it in the form 
± to polyphase circuits leads to 

the conclusion that a pure resistance mesh must be 
considered to cause reactive power. This rules 
out the wattmeter method of measurement and 
provides no other in its place, a procedme to which 
metermen would strenuously object. Of course 
this is due to the Lyon-Li4nard definition of apparent 
power, but what other definition is possible? 

In^ ^ite of the difiElculties of measiurement the 
definition P, — ^EJ„ sin is much the better 
even for single-phase circuits. Distortion power and 
fictitious mesh power increase the losses the samp 
as reactive power. If the polyphase definition is 
to be used it is necessary to recognize the effects 
of distortion and, in the 4-wire circuit, m esh dis¬ 
tribution. [8.] 

It is perhaps well to point out that the adoption 
of this definition will not increase the difficulties of 
measurement. Distortion and fictitious mesh power 
are there now but are neglected by the measuring 
apparatus; the new definitions merely would f^aii 
attention to their existence. 

The following definitions are suggested: 

jL Reactive power P, = HEJn sin A. under all conditions. 
This IS the present polyphase definition. [14.] 


(12, 13]. By adopting an algebraic definition of reactive power 
all need for such terms as "inductive power” and "capacitance power” 
disappear. The former is negative and the latter positive reactive 
power. 

Appendix I 

Sine Waves 

The following discussion is limited to 4 wires 
though it could just as well apply to n wires. The 
vector notation A-B — AB cos B, where A and B are 
the tensors of A and B and B the angle between them, 
is used. 

The tot^ power in a 4-wire circuit may be measured 
by regarding it as 4 single phases with voltages to any 
common point. That is 

P = (4) 

where o and p are any points, p being thought of as a 
variable. 

Given the effective voltages and line currents, the 
maximum possible power is required. The voltage 
system is completely fixed. The variables are the 
phases of the currents relative to the voltages and 
subject to the condition 2/ = 0 

When the currents vary 

( 5 ) 

To make the power a maximtun this must be zero for 
^ consistent sets of current increments. As in Fig. 4 
it is possible tp vary any 3 currents and leave the 


2. T%e apparent power R®, is the maximum possible power with 
the given effective voltages and currents. In the case of a 
phase this is EJ. [10.] 

3. The fictitious power is jP/ — Vi**®, — P*. [16.] 

4. The combined power is P® = -s/P* -f- P*,. 

5. The power factor is P/-\/P*.-|- P*, = P/P®. 

6. The reactive factor is P,/P. This term has another meaning 
at present but is not much used.' [14. ] 

7. The distortion power in a single-phase circuit is 

P< - Vpy - P« = _ 

\/S{P*®,7*n — 2E„E»ImInCOS (tf®, — 9») P'®/*®,). 

8. The distortion factor in a ^gle-phase drcuit is P 4 IP. 

It does not seem necessary to define fictitious 
mesh power as it is included in definition 3 of, ficti¬ 
tious power. 


Roumanian Questionnaire 


Comments on some of the questions of the Rou¬ 
manian Questionnaire* follow. 


[2]. The form PJ dn 5 ^ would have to be dropped entirely A 
right-angled triangle would still east connecting P, P, and P®, 
as in Fig. 3 but the angle v would have no meaning apart from the 
mangle. The power factor would be cos «> and the reactive factor 


(new) tan fll J. The forms P 
exist but Pc is not VL ' 


' Pc cos <p and Pr ** P^ sin ^ 


[ 8 ]. It seems dear that the general case is too complicated to be 
described completely by the single term ‘'reactive power/* Dis¬ 
tortion and fictitious mesh power are very difficult to determine and 
It would be advmble to separate reactive power from them for that 
reason. In addition there is the advantage of retaining an algebraic 
sign. 




Fig. 4—Vari¬ 
ation OP Line 
Currents 


Fig. 5—Topographical Diagram 


otter fixed. Also, since tte current magnitudes are 
given tte increments must be at right angles to tte 
currents, i. e. 

Now suppose all the voltages are plotted topo¬ 
graphically as in Fig. 5, and that all tte currents are 
plotted from their respective wire positions as shown. 
Let tte currents m tte lines 1, 2, and r vary (r = 3 
or 4), tte otter being constant, then 

SP = Elf ‘ Sli + E2,' dli -1- E„ • Si, (7) 

Now let tte point p be chosen at tte intersection 
of tte vectors h and h produced. Then Sh is at 
right angles to Ei^ and hence 

Elf Sli = 0 


( 8 ) 
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Similarly 

Esp •5/2 = 0 (9) 

Therefore to make 5P = 0 it follows that 

E„-8l = Q ( 10 ) 

or since J,*5/, = 0, the vector 7, also points directly 
toward or away from the point p. 

For a stationary value of the power therefore all 
currents must be in phase with or opposed to the 
voltages to some common point. The point must 
be chosen so that 2/ “ 0- 

Appendix II 

Complex Waves 

The problem is to determine the conditions for 
maximum power when the waves are complex, given 
only the ^ective currents and voltages. For the 
present suppose that not only are the effective volt¬ 
ages given but also their harmonic components so 
that the voltage system is completely specified. The 
line ciurents may be resolved into hamionic systems 
quite arbitrarily provided that the vector sum of each 
harmonic in the 4 lines is zero and that the effective 
current in each line is as given. 

Now suppose that by means of perfect filters each 
harmonic current system has its own load. Let each 
of those loads be the star load which gives the 
greatest power for that harmonic. For any chosen 
current system this method of loading gives ^e 
greatest possible power. It remains to find which 
of the arbitrary current systems is the best. 

Let there be 4 wires and let be the 5 “ harmonic 
of cxurent in the line and let be the s** har¬ 
monic of voltage from the line to the neutral of 
the harmonic load, then 


P = S E Epu ’ s J„, 

5~ 1 m=»l 

(11) 

Also 


E/«. = 0 

ftt»l 

(12) 

by Kirchhoff’s first law, and 


•or 2 — J 2 

(13) 


where is the effective current in the line. 

When the current system is varied the star loads 
Yary and hence also the voltages to the neutrals. 
Then, 

sp = t t (£«.• 

5«»X 


= E (E 5/„. -t- 5E„. • i IJ (15) 

since 5E„, is common to all 4 lines. By eq 12 the 
second term of eq 15 is zero, hence 

SP = j: E • 5/,. = t «/». (16) 

= J E E »•«. (17) 

where is the resistance of that element of the s'* 
harmonic load which is connected to the wire. 
Differentiating eq 13 

E SU = 0 (18) 

Now it is possible to change the amplitude of any 
2 harmonics in the same wire leaving all others 
constant. The phases of the corresponding har¬ 
monics in other wires must be changed but- their 
amplitudes need not. Let only the and i'* 
harmonics of current in the w‘* wire be given incre¬ 
ments, then 


26P = 0 = SIJ + SIJ (19) 

0 = 8IJ + SIJ (20) 

since if P is to be a maximum SP must be zero for all 
possible variations. 

From these 2 equations it is seen that 


or that all the harmonic loads are equal for a maxi¬ 
mum power. The filters are therefore unnecessary 
and a single star load absorbs the greatest power. 

It may. be shown that the power to such a star 
load depends only upon the resistances and the 
effective voltages and hence the assumption of given 
voltage wave forms was immaterial. Also given the 
effective voltages and line currents the star resist¬ 
ances are independent of the actual voltage wave 
forms. 
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Operating Aspects of Reactive Power 

BY J. ALLEN JOHNSON* 


Synopsis.—This paper is written to present the point of view of 
the practical operating engineer to whom reactive power” is something 
that he has to generate and deliver to his customers much as he does 
ordinary or real power. It happens that this kind of reactive power is 
the kind which causes the current to lag behind the voltage when it 
happens to he flowing in the same direction in the circuit as the ”active” 
power. Howevert when it happens to he flowing in the direction op¬ 
posite to that of the active power {which, in a transmission system is 
just about as likely to happen), it makes the total current in the circuit 
appear to lead the voltage and deceives the technicianwho observes this phe¬ 
nomenon into thinking that a different kind of reactive power {piz., lead¬ 
ing reactive power) is flowing in the same direction as the active power. 

The paper presents an interpretation of such observations in terms of 
the one kind of reactive power with which the practical operation arid 


T he subject of the symposium of which this 
paper is a part is “reactive power.” This 
term is somewhat unfamiliar to many engineers, 
and some might even strongly deny the existence of 
reactive “power.” The conception of reactive cur¬ 
rent as "wattless” is so deeply ingrained that the 
term “reactive power” will doubtless meet with re¬ 
luctant acceptance. In one sense this conception of 
“wattlessn^s” is true, but in another, and the 
author believes, equally valid sense, it seems to h\m 
not to be tme. The author therefore proposes to 
accept the tide at its face value, and as an engineer 
in the operating field, present a point of view in which 
reactive power is conceived of as a kind of power 
different and distinct from power in its ordinary 
meaning (which hereinafter will be called “active” 
power) but with which the operator nevertheless has 
to deal in much the same manner. 

Two Views of Reactive Power 

. There are two points of view from which the subject 
of reactive power may be regarded. The first of 
these may be called the academic, mathematical, 
or technical point of view, and the second the prac¬ 
tical, engineering, or operating point of view. Let 
us first clearly distinguish between these two points 
of view which we wiU call briefly the “academic” 
an.d the “practical.” 

Characteristics op Academic View < 

_ The academe point of view results from considera¬ 
tion of what is gomg on at a certain point in a circuit. 
Instruments are inserted and measurements mad o of 
current, potential, and power. From these it is 
often found that the nieasured watts are less tfiap 
the product of the measured amperes and the meas¬ 
ured volts by a certain factor, which we call the 
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control of power systems has to deal and points out the parallelism be¬ 
tween active and reactive power in their operating aspects. 

It also presents an unorthodox metering technique for keeping track 
of the flaw of reactive power in a complicated power transmission net¬ 
work which greatly clarifies and simplifies the problem of dispatching 
reactive power in such a system; such dispatching being necessary to 
obtain maximum transmission system capacity and efficiency as well 
as for system voltage control. 

No pretense is made of presenting any newly discovered truths. 
Rather the attempt is to present a new way of looking at old truths. 
The point of view is believed to be somewhat novel and may do mild 
violence to some orthodox conventions. This violence, however, is be¬ 
lieved to be justified by the resulting clarification in tite operating 
aspects of reactive power. 


“poww factor.” From these relationships and 
f amili ar known laws, we can determine the in-phase 
and quadrature components of the flow (and their 
phase relationship) which in this view we think of as 
inseparable and more or less imaginary components 
of the “total kilovolt-amperes” in the circuit. 
While this technique does i^orm us fairly well as 
to what is occurring at the point of measurement, 
it does not lend itself at all well to the visualization 
of what is happening in the system as a whole nor to 
a practical technique of system control. It does not 
^ve us the picture of two independent things going on 
in the circuit at the same time. 

In representing these quantities and relationships 
on paper the technician uses a device which he calls 
a “vector diagram.” In such diagrams, counter¬ 
clockwise vector rotation is usually considered 
standard, and right hand and upward vectors, 
positive. The “academic” viewpoint seems to have 
its origin in these conventions, as does also the 
question as to the “sign” of reactive power. 

Characteristics of Practical View 

; The “practical” point of view results from a con¬ 
sideration of what is going on, not at one point in a 
circuit but throughout the entire electrical power 
system. The operating engineer is faced with the 
problem of controlling the operation of his system 
and hence is interested In tracing the two kinris of 
power flow found at any one point back, on the one 
hand, to.their sources and forward, on the other hand, 
to their destinations, in order to discover how he 
can control their sources in and courses through the 
system. What does he find? 

He finds that the active power (neglecting losses 
for the moment) originates in a prime mover, passes 
mence through a mechanical coimection of some sort 
mto a generator” where it is converted into elec¬ 
trical power. After traversing the system this 
power arrives (let us say) at induction motors where 
it is converted back to mechanical power and passes 
OH to the driven machines. Or it may be converted 
drrectly mto heat and leave the electrical system in 
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that fonn. lu any case it flows, like a stream, into 
tlie electrical system at one. end and out at tire other. 

He finds that the demand for reactive power 
originates for the most part in the excitation require¬ 
ments of induction motors and other devices using 
iron magnetic circuits which draw their excitation, 
in the form of lagging reactive current, from the same 
eircuits through which the active power is flowing. 
Following this reactive power back through the 
system he finds that it has its origin in the field cir- 
euits of the generators. He knows this must be so 
liecausc he finds he can control the amount of re¬ 
active power supplied by any particular generator 
by varying its field current. This reactive power 
therefore apparently originates within the electro¬ 
magnetic system and never leaves it, but reacts 
back uJul forth between the generators and the 
motors. Hence its name “reactive power” and its 
logical symbol rkm used hereinafter. [Editor's 
Note: The author’s symbol rkw (and the corre¬ 
sponding term reaciim kilowatt) is used advisedly 
in this paper, rather than the standard editorial 
style rkva, or the symbol kvar adopted by the 
Internulionul Klectrotechnical Commission, July 9, 
1080.1 

He further finds that the flow of the active power 
through his system produces comparatively little 
drop in potential, whereas the flow of reactive power 
is much more serious in this respect; also that if 
the reactive power is generated in the same genera¬ 
tors through which active power is supplied, and flows 
thnaigh the same circuits, it requires increased cur- 
retit capacity of generators, transformers, and lines, 
increases PR losses in all current carrying parts of 
the system, and limits the active power capacity of 
the transmission circuits. He finds, however, that 
active and reactive power do not add together in 
these circuits tilgebraically but geometrically in 


(juudrature. 

Since reactive power originates in generators and 
not in prime movers, the generation of reactive power 
is not subject to the same limitations as to geo¬ 
graphical location as is that of active power, but can 
he generated anywhere desired. Therefore, in order 
to minimize its undesirable effects on the major 
p:irts of the system, reactive power generators 
(commonly called synclironous condensers) are fre- 
<iuentlv installed at receiving or distributing sub¬ 
stations near the load where the reactive power is 
rcfiuired. In many cases generators used to supply 
active power during one set of conditions may be 
tised to supply reactive power during other condi- 


tions. , . j, 

.Sima; the active and reactive power do not add 
algel>raically but combine in quadrature relation it 
is obviously more economical, other things b^g 
equal, to generate Ixith in the same machme. mere 
jK)th can iK! generated near the point 
usually proves to be the case, but where * 

(lower must be transmitted long distance^ 
proves more economical to generate ^e r^^tive 
power in separate machines near the load, even at 
the expense of increased total machme capacity. 


This practice also provides a means of regulating 
voltage at the receiving end of the lines. 

As the two kinds of power—active and reactive— 
flow through the system, losses of both kinds occur 
due to the resistance, reactance, and capacitance of 
the circuits. The losses of active power, due to the 
resistance, are all positive with respect to the active 
power transmitted and result in less active power 
being received at the load than left the prime movers. 
The losses of reactive power, however, with respect 
to the reactive power transmitted, may be either 
positive or negative or both, positive losses being 
due to reactance and negative losses to condensance. 

It follows that the amount of reactive power de¬ 
livered to the load may be either more or less than 
the amount generated. 

Let us now inquire what are the conditions and 
problems confronting the power system operator in 
controlling his system. Briefly they are as follows: 

1. A demand tor active power by the customers of the system, 
and over which he has little or no control. 

2 . Sources of supply of active power in the form of steam and 
hydroelectric generating units, perhaps widely scattered, and over 
which he has control. 

3 . A demand for reactive power, principally for exciting the motors 
of the customers, and over which he has little or no control. 

4 . Various possible sources of reactive power including all of the 
synchronous generators, condensers, and motors on the system, 
and over most of which he has control. 

5. The demands must be supplied from the various available sources 
in the most economical manner possible at all times. 

6 . Voltage must be maintained within certain limits at all stations 
on the system. 

Various other conditions must usually be met but 
these are the ones with which reactive power is 
mostly concerned. 

In order to operate his system efficiently, and 
properly control its voltage, the power system opera¬ 
tor or load dispatcher must be able to control not 
only the sources, magnitudes, and directions of the 
active power flow but also the sources, magmtudes, 
and directions of the reactive power flow. The 
magnitude and direction of the active power flow 
are in practice controlled by adjusting the input to 
the proper prime movers. The magnitude _ and 
direction of the reactive power flow are similarly 
controlled by adjusting tte field currents of the 
proper generators. To increase the amount of 
active power supplied by a prime mover the operator 
increases its power input by increasing its gate or 
throttle opening. Similarly, to increase the re¬ 
active power supplied by a generator or synchronous 
condenser operating in parallel wi^ other syn¬ 
chronous machines, he increases its field emtation 
by adjusting its exciter or field rheostat. The two 
processes are analogous and parallel, but independent 
of eadi other. 

Measuring Instruments 

The above are the processes by which the inde¬ 
pendent control of active and reactive power are 
&ected. To know how to apply these controls. 
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however, it is necessary to measure the magnitudes 
of the active and reactive power and for this purpose 
suitable instruments are necessary. The old tech¬ 
nique of using wattmeters and power-factor meters 
was based upon the “academic” viewpoint, in which 
the total flow in the circuit was treated as a unit. 
The “practical” viewpoint calls for separate instru¬ 
ments to read the active power and the reactive 
power. Standard wattmeters will serve both pur¬ 
poses when suitably connected to the circuit. In 
cucuite in which active power can flow in only one 
direction, Irft-hand zero instruments can be used 
for the active power. Where active power may 
flow in either direction, however, center zero instru¬ 
ments are commonly used. Since reactive power 
can flow in either direction in practically all circuits, 
center zero instruments are desirable to measure 
reactive power m practically all cases. 

In the “^ademic” view, the sense or direction 
of the reactive power is defined by reference to that 
of the active power by saying that it “leads” or 
“lags” according as the current vector leads or lags 
the potential vector. In a circuit in which active 
power can flow in only one direction, such as a genera¬ 
tor or a r^ial distribution circuit, this convention 
leads to little or no confusion. This, however, is 
not the c^e in a complicated power network, with 
widely distributed sources of active and reactive 
power, and with widely distributed loads, wherein 
almost any circuit may be called upon to transmit 
a^ve^ and reactive power independently in either 
direction. In such a system, the sources and desti¬ 
nations of reactive power are visualized in the minH 
of the operator just as definitely as are the sources 
and destinations of the active power, flud it conse¬ 
quently becomes much more natural and logical for 
Ifim to relate the sense or direction of flow of the 
reactive power to the circuit in which it is flowing 
just as he does in the case of the active power rather. 
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V-Four Ways op Defining the Flow of Rbactivb Power 
IN A Circuit 


than to relate it vectorially to the flow of the active 
power as in the conventional “academic” point of 
^ew. Thus, in this “practical” poiat of view the 
flows of active and of reactive power become entirely 
divorced from each other, the direction of flow of 
each being independently related to the circuit 
instead of one to the other. 

The conventional system of marking power fac¬ 
tor and reactive power meters in terms of “lead” 
^d lag' thus, in a large power system, intro¬ 
duces difficulties in properly reading and interpreting 
the readings of these instruments. In a two-way 
circuit, owing to the rev^sible flow ,.of active power. 


the interpretation of the readings is very confusing 
as it is impossible to tell, from the readings of the 
instruments marked in this way, the direction of the 
reactive power flow unless one knows how the instru¬ 
ments are connected. 

Accepting the “practical” convention that re¬ 
active power flow is to be defined independently 
of the active power flow and in relation to the cir¬ 
cuits in the same way as the active power flow is 
defined, it becomes necessary to adopt a convention 
as to the kind of reactive power that we will talk 
about. It immediately appears that with this 
method of treatment it is no longer necessary to 
discuss both leading and lagging reactive power, 
since leading reactive power flowing in one direction 
in the circuit is identical with lagging reactive 



Fig. 2—Academic (a) and Practical (b) Methods of Metering 
THE Output of a Generating Unit 


In the academic (conventional) method the field ammeter and reurtive power 
meter pointera move in opposite directions when adjustments of field current are 
made. In the practical method this inconsistency is eliminated hy reversing 
the connection of the ""reactive kilowatt’* meter 


power flowing in the other direction. Since, as above 
noted, in a normal electric power system the Hpmatiii 
for lagging reactive power predominates over that 
for leading reactive power and furthermore since 
^e demand for lagging reactive power has its origin 
m machines with the (diaracteristics of which the 
operators are familiar and its source is in other ma¬ 
chines with lie characteristics of which the operators 
are also familiar, and over which they have control; 
whereas a demand for leading reactive power is of 
much rarer occurrence and less familiar to operating 
that ihe requirements of operation 
wul he best served if all reactive power flow is treated 
as laggmg reactive power flowing in a certain direction 
%n the ctreuit. 


Ims IS not difficult to do and when it is done 
co^istently it results in the removal of a number of 
difficulties in handling reactive power flow on a 
power system. If, in the circuit AB of Fig. 1 there 
are 10,000 rkw laggmg flowing from A to B, we can 
represent the same condition by saying there are 

flowing from 5 to ^4, or there 
are 10,000 rfew leadmg flowing from B to .4, or there 
are --10,000 rkw leai^g flowing from A to B. 
w, a leadmg reactive kilowatt in a circuit can always 
be represented by a lagging reacHve kilowatt in the 
opposite direction; and vice versa, a lagging reactive 
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kilowatt can always be represented by a leading 
reactive kilmvatt in the opposite direction. There¬ 
fore, if we should decide to deal with only one kind 
of reactive power and further decide that that one 
kind shall be “lagging,” any reactive kilowatt which 
formerly was called “leading” will now be called 
with the direction of flow reversed. 
In Fig. 1 are shown the four different ways of repre¬ 
senting exactly the same condition. 

Conventions for Operation 

With tlie foregoing in mind, and with the aim to 
obtain a system which is simple and easy to imder- 
stand and remember, the following conventions 
might be adopted by an operating power system. 

L Reactive power will always be represented in terms of lagging 
reactive power and vwll be designated by the symbol rkw, 

2 . On station log sheets and similar records all readings will be 
given as a flow between two points. The names of these two points 
will be written down in their proper order and connected by a da^ 
or hyphen, such as: '*Gen. No. 1-12-kv Bus** or **Lockport- 
Mortimer.** (In this system, transmission circuits are designated 
by the names of the terminal bus points.) The magnitudes of the 
kilowatt and reactive kilowatt readings will then be recorded and an 
arrow written just before (or after) each quantity. These arrows 
will point in the direelion of flow as referred to flie corresponding 
points. Ffir example, since *Xockport** is written to the left of 
**Mortimer** on the log sheet, if power flow is actually from Morti'- 
mer to Locki)ort, the arrow preceding the kilowatt figure will point 
to the left on the log sheet. Similarly, if reactive power flow is 
actually from Lockport to Mortimer, the arrow preceding the 
reactive kilowatt figure will pohit to the right on the log sheet. 

3. In marking values of kilowatt and reactive kUowatt flow on dia- 
grams, as a matter of convenience, only one arrow need be used to 
n*present the direction of simultaneous flow of kilowatts and reactive 
kihmaita in the same circuit. This arrow may point in the actual 
direction of kilowatt flow. The kilowatt and reactive kilowatt 
( 4 uaiititics will then be marked beside the arrow. The kilowatt 
flow will he represented by a positive (+) quantity. The reactive 
kilowatts will be represented by a positive (4-) quantity if its flow 
is actually in the same direction as the kilowatt flow, and by a nega¬ 
tive (—) quantity if its flow is actually in the direction opposite to 
the kilowatt flow. 


Application of the Conventions—^Apparatus 

If a generator, in parallel with other synchronous 
machines, is delivering active power only, an in¬ 
crease in field current will cause it to goierate 
(lagging) reactive power, while a decrease, in fidd 
current w-ill cause it to consume (lagging) reactive 
power. 

For the station operator, it may be interesting and 
helpful to note here that, having standardized on 
lagging reactive power, and adopted corresponding 
instrument connections and labelling (see Fig. 2) 
increasing the gate opening and increasing the fidd 
current of a generating unit operating in paralld 
with other synchronous machines have siniilar effects, 
in that the former causes an increase in kilowatt 
output (kilowatt meter pointer moves to the right) 
and the latter causes an increase in reactive kilowatt 
output (reactive kilowatt meter pointer moves to the 
right). Furthermore, it will be noted that the field 
ammeter pointer and reactive kilowatt meter pointer 
will always move in the same direction, that is, when 
one is moving from Idt to right, the other will also 
be moving from left to right, and vice versa. This 


consistency, uniformity, and simplicity are in strik¬ 
ing contrast to the illogical and confusing incon¬ 
sistency where the present “academic” standard 
marking and conventions are used, where lagging 
reactive output deflects the instrument pointer in 
the opposite direction from that of the field ammeter. 

A synchronous condenser being a reactive power 
generator, a similar explanation applies. If the 
condenser is running at unity power factor (simply 
drawing kilowatts to supply internal losses), an in¬ 
crease in fidd current will cause it to deliver (lagging) 
reactive power to the circuit, while a decrease in 
field current will cause it to draw (lagging) reactive 
power from the circuit. 

Unloaded transmission circuits luve generally 
been said to be drawing leading reactive kilovolt¬ 
amperes but, according to the new conventions, we 
shall say they ddiver (lagging) reactive power 
(rkw). 

An induction motor draws (or consumes) (lagging) 
reactive power (rkm) from the circuit. 

A static condenser delivers (lagging) reactive power 
(rkw) to the circuit. 



Fig. 3—^Academic (a) anb Practical, (b) Methods op Metering 
Reversible Circxhts 


Interpretation of readings under academic method requires knowledge as to 
how reactive kilovolt-ampere meter is connected with reference to kilowatt 
meter, i. e., whether **lag‘* and ‘"lead” apply to power flow from bus’ to trans¬ 
former or from transformer to bus. With the practical method this Imowledge 
is not needed, all the information required being provided by the labelling of the 
meter scales 


Reactive Power (RKva) (RKw) Meter 

In general practice, reactive kilovolt-amperes 
have been designated as being either “leading 
reactive kilovolt-amperes” or “lagging reactive kilo¬ 
volt-amperes.” Ea^ of these, as above stated, 
rati flow in either of two directions. On the other 
hand, active power (or simply power) has always 
been designated as just plain “kilowatts.” In 
other words, in order to qualify a kilowatt meter 
reading completely, it has been necessary to state 
only magnitude and direction of flow, whereas, in 
the case of a reactive kilovolt-ampere meter reading, 
it has been necessary to state magnitude, kind 
(leading or lagging), and direction of flow. _ 

Since, in iFis standardization, all reactive power 
will be represented in terms of lagging reactive 
power, both active power and reactive power values 
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be completely qualified by magnitude and direc¬ 
tion of flow. “Reactive kilovolt-ampere” meters 
will now become “lagging reactive kilowatt” meters, 
and their readings will always be in lagging reactive 
kilowatts. 

RKw Meter With Two-Way Kw Meter 

In metering a piece of apparatus whose kilowatt 
flow is always in the same direction, no trouble 
should be experienced. Now, let us consider a piece 
of apparatus whose kilowatt flow may be in either 
direction. In Fig. 3 is a transformer connecting a 
110-1^ system with a 44-kv system. Assume the 
reactive kilovolt-ampere meter (conventional scale 
markings) is connected to indicate correctly for kilo¬ 
watt flow from bus to transformer. Under the 
conventional method shown in Fig. 3(a) the meters 
indicate that 10,000 kw and 10,000 leading rkva 
are flowing from the 44-kv bus into the 44-kv side 
of the transformer. If the reactive kilovolt-ampere 
meter read “10,000” to the left of the zero point, 
the readings would be 10,000 kw and 10,000 lagging 


be treated the same as reactive kilowatt meters, as is 
shown in the following paragraph. 

A power-factor meter r^Uy indicates direction of 
reactive kilowaU flow. In this standardization, the 
instrument will always be a “lagging power-factor 
meter.” In other words, it will ^ways be used to 
indicate the direction of flow of (lagging) reactive 
power. At the same time, of course, its scale is so 
calibrated as to give the ratio of kilowatt to kilovolt- 


a 


to TT&tfyarr 



i^a^/oy to Bt/s‘ 



Fig. 6—Academic (a) and Practical (b) Use of Foxjr-Quadrant 
Power-Factor Meters 


(a). 10,000 kw from transformer to 

bus. Lea^ng reactive kilovolt>ain> 
peres from transformer to bus. Ratio 
of kilowatts to total kilovolt-amperes 
is 0.7 


(b). 10,000 kw from transformer 
to bus. ‘‘Reactive kilowatts'* from 
bus to transformer. Ratio of kilo¬ 
watts to kilovolt-amperes is 0.7 



Fig. 4—^Academic (a) and Practical (b) Use op Two-Quadrant 
Power-Factor Meters 

(a). 10,000 kw flowing from gen- (b). 10,000 kw flowing from gener- 

erator to bus. Leading reactive kilo- ator to bus. “Reactive kilowatts'* 
volt-amperes flowing from generator flowing from bus to generator, 
to bus. Ratio of kilowatts to total Ratio of kilowatts to kilovolt- 
kilo-volt>amperes is 0.7 amperes is 0.7 


rkva flowing from the 44-kv bus into the 44-kv side 
of the transformer. 

In accordance with convention No. 1, previously 
stated', the m arkings on the reactive kilovolt¬ 
ampere meter will be changed to those shown in 
Fig. 3(J) the reactive Idlovolt-ampere meter con¬ 
nections being reversed to produce this result. 
As before, the kilowatt meter indicates 10,000-kw 
flowing from bus to transformer. The reactive kilo¬ 
watt meter indicates 10,000 rha flowing from trans¬ 
former to bus. 

It should be noted that, in Fig. 3(a) correct 
reactive kilovolt-ampere meter readings can be 
obtained only when the reader hnows how the 
reactive kilovolt-ampere meter is connected, i. e., 
for which direction of kilowatt flow the reactive 
Idlovolt-ampere meter markings “lead” and “lag” 
a^ply. On the other hand, with the new reactive 
kilowatt meter markings shown in Fig. 3(&) the 
reader never has to worry about instrument con¬ 
nections. 

Power-Factor Meters 

Power-factor meters where already installed may 


amperes, regarcfless of the relative directions of kilo¬ 
watt and reactive kilowatt flow. In Figs. 4 and 6 
are illustrations. To obtain consistent meter labelling 
requires reversal of the conventional connections of 
the power-factor meter in each case. 

Log Sheets and Diagrams 

To illustrate the application of the conventions 
to log sheets, let us see how the readings of Fig. 3(&) 
would be recorded. The readings are 10,000 ^ 
flowing from 44-kv bus to transformer and 10,000 
rkw flowing from transfonner to 44-kv bus. These 
readings would appear on the station log sheet as 
follows: 

_ CirCBit _Ew_ Rkw 

44-Kv Bus-i-Transformer No. 2 —10,000 — 10,000 

The instrument readings pictured in Fig. 6 would 
be entered in a log sheet as follows: 

_ Circuit _ Kw Lag P.P. 

Bus—^Transformer No. 12 •<— 10,000 —►O.? 

If the log entry for the condition pictured in Fig. 
3(&) was to be transferred to a system diagram it 
would be written as shotra in Fig. 6. In this 


ceess lock 

CUT 
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Fio. 6 —^Application op Practical Reactive Power Tbchnicub 
TO Diagrams 


method, having standardized on lagging reactive 
kilowatts, in diagrams lagging reactive kilowatts will 
be positive and leading reactive kilowatts (if ever 
rrferred to) will be negative. 
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Voltage Control 

In a compact electrical system it is frequently 
possible to obtain satisfactory voltage control at 
substation busses by regulation of generator voltage. 
Generator voltage control will not, however, provide 



Fig. 7—Appucamon op S^cncAi. Rbacmvb Power Technique 
TO System Voltage Control 


Voltage gradients due to flow of active and reactive power compensate for 
each other producing practically flat voltage level 

proper substation voltage regulation in an electrical 
system with long transmission lines. Additional 
facilities must be provided at some of the receiving 
substations to allow proper voltage control at these 
points. This voltage control is best provided in 
many cases by reactive power generators (synchro¬ 
nous condensers) at the receiving substations. In this 
application reactive power generators may be 
thought of as having two functions. One is the supply 
of the reactive power to the local load. This re¬ 
lieves the transmission system and power generators 
of the burden of the reactive power. The other 
function is that of sending reactive power back over 
the transmission circuits in the opposite direction 


for the purpose of voltage control. By this means a 
voltage gradient in one Section due to flow of active 
power may be compensated for by a gradient in the 
opposite Section due to flow of reactive power, 
thus making possible the maintenance of practically 
a flat voltage level over the whole system. 

CoNSXJMER Metering 

In consumer metering we are concerned only with 
what is taking place at a certain point in the circuit, 
namely, the point of delivery to the customer, and 
not at all wi^ the questions of sources and control. 
For this purpose therefore the “academic” ap¬ 
proach and technique are applicable. Present prac¬ 
tices in metering customers which take large amounts 
of reactive power in proportion to their consumption 
of active power, may in some cases leave something 
to be desired, but it is doubtful if independent meter¬ 
ing of the active and reactive components of the 
customer’s load would be justified in many cases, 
since present rates doubtless are adjusted to an 
average situation from which only a few instances 
would widely depart. An inexpensive means of 
measuring kilovolt-amperes directly or measuring 
the arithmetic difference between the kilovolt¬ 
amperes and the kilowatts may ultimately prove 
useful in this field. 

Conclusion 

The “practical” conception of reactive power as 
herein outlined, in which the generation, metering, 
and control of active and reactive power are con¬ 
sciously divorced from each other, results in a 
simplified technique of power system operation 
which greatly fadhtates the control of the 
system and the maintenance of maximum system 
^dency. 

Discussion 

For discussion of this paper see page 779. 



Power, Reactive Volt-Amperes, Power Factor 
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Synopsis,^—The relation between power, reactive volt-amperes, and 
power factor is discussed for sinusoidal electromotive forces and currents. 
Reactive volt-amperes is defined as the flow of stored energy into the 
circuit and is deduced from the stored energy cycle. It is shown to he 
a cyclic flow of power which is 90 deg in advance of the cyclic part 
of the dissipation or power input cycle which with the stored energy 
cycles is positive at all instants. This leads to the vector equation 
4* SI derived for the equation of total inflow of energy given by 




for an inductive system or 
i for a capacitor system. 


Non-sinusoidal electromotive forces and currents are discussed and 
it is shown that there is no simple relation between the volt-amperes as 
obtained by voltmeters and ammeters and power as obtained by watt¬ 
meters and reactive power. The inflow of stored energy for double 
frequency fundamental can be obtained but it appears to bear little 
relation to the product of mean square volts and amperes and true 
average power. It is concluded that the ratio of power to mean square 
volt-amperes is a useful practical factor with non-sinusoidal waves 


encountered in practice but should not he used to define reactive volt- 
amperes. 

Polyphase power and reactive volt-amperes are defined. In a balanced 
system power is continuous and the instantaneous reactive volt-amperes 
are zero. Nevertheless, a polyphase balanced system has a power 
factor which is the same as that of each phase. In afi unbalanced system 
each symmetrical component has a power factor and in addition there is 
interchange of power between phases resulting from unbalance so that 
each phase has an individual power factor. It is shown that the positive 
phase sequence power and reactive volt-amperes, if the generator supply¬ 
ing power is symmetrical, include both the negative a'nd positive phase 
sequence power and reactive volt-amperes; that is, the source of all 
power and stored energy is the positive sequence, and the positive phase 
sequence flow of energy gives the correct measure of the power factor of 
the system. 

Non-linear circuits are characterized by frequency conversion. 
If such are supplied from a sinusoidal generator, all the harmonic 
power and reactive volt-amperes must be supplied from the fufidamental 
frequency which is the source of the whole power and reactive volt- 
ampere output. Therefore, the fundamental frequency power and 
reactive volt-amperes properly define the true power factor of the system. 


Introduction 

T he current ideas regarding the relations be¬ 
tween power, reactive volt-amperes, volt- 
amperes, and power factor were the outcome 
of an attempt to express the theory of electric cir¬ 
cuits subjected to uon-sinusoidal electromotive 
forcM in terns of an equivalent sine wave. The 
equivalent sine wave of a non-sinusoidal wave is a 
sme wave having the same mean square value as the 
non-sinusoidd wave. In the elementary theory of 
electric circuits it was assumed that non-sinusoidal 
electromotive forces impressed on a linear electric 
system could be replaced by their equivalent sine 
waves without causing substantial error in the result, 
which impHed that the wave form of the currents 
set up in the system was the same as that of the im¬ 
pressed electomotive forces. Later on engineers 
came to realize that this specification for non-sinu- 
Midal waves was inadequate and another factor was 
mlTMuced, namely, form factor which was dpfinpd 
ff of maximum value of the actual wave to 

equivalent sine wave. This factor did 
not help to any extent in defining the relations 
between volt-amperes, reactive volt-amperes, and 
power for non-sinusoidal waves, for the simple 
reason that these quantities are not definable bv 
means of two factors. ^ 

Elementary Theory op Energy Flow Relations 
IN Linear Electric Circuits 


A linear c ircuit, however complex, is rfpfiiiAd i 

Transmission Engineer. Westinghouse Electric ai 
Manufactnrmg Co., East Pittsburgh, Pa. 

Present^ at the Norik Eastern District Meeting of the AI El 
Schenectady, N. Y., May 10-12, 1933 . 
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one in which an applied sinusoidal electromotive 
force will produce only sinusoidal currents. The 
characterfetic of such a system or net is defined by 
the principle of superposition which for the present 
purpose may be stated as follows: If the connec¬ 
tions of a linear net remain unchanged during the 
introduction of any electromotive forces in the net 
either simultaneously or in any sequence whatever, 
the resulting currents are the same as if each electro- 
force were applied to the network at rest 
mdividually at the proper instant and the resulting 
currents superposed. Thus each electromotive force 
acts upon the system as if it were independent of all 
the others. The fact that the system must remain 
unchanged during the introduction of these electro¬ 
motive forces has been emphasized for the reason 
that It is not always realized that the closing of a 
pair of terminals through a generator changes a net¬ 
work and, teefore, the principle of superposition 
no longer holds. In the case we are considering, 
however, it is supposed that certain electromotive 
forces are aheady established and they may be con¬ 
sidered as having been introduced simultaneouslv 
or separately without any change in the network. 
Umun^ci^ systems are never strictly linear, on 
account of tiie presence of iron in the circuits of 
dectnc rnadunes,, but the effect of such non-linear 
d^ents m the system in general may be ignored, 
ii^e are cases, however, where they become of im- 
portMce, such as, for example, cases of tdephone 
interference. In such cases each harmonic must be 
coMidered mdependently with reference to its source 
11 we cpnsider a linear system in which all the 
resistance and self-inductance 
a sinu^idal dectromotive force impressed, the 
rations between volt-amperes, power, and reactive 
volt-amperes are expressed as follows where E and I 
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are the root mean square values of electromotive 
force and current 


Electromotive force *= E cos (ot 

Current =* I cos (wi—a) 
Volt-amperes = El 

Power » EJ cos a 
Reactive Volt-amperes =* EJ sin a 


( 1 ) 


We may represent the electromotive force E cos 
at by two equal vectors of length equal to one-half the 
mean square value, one rotating positively the other 
negatively, denoting the positively rotating vector 
E and the negatively rotating vector by E 


. _ rrr D_, M + £ EeJ<»* 

^ V2 ^ cos (ot ~ -- —z - 

v2 vT 

f = VTJcos ^ = MJf-cc) ^2) 

2 2 


In the vector representation of electromotive forces 
and currents the convention is to use the positively 
rotating vectors E and I. It will be observed that 
E and 1 enter into the expression for ei S 3 ntnmet- 
rically and therefore with equal authority. On 
the' other hand in practical problems E is the known 
function of the independent variable t while f is the 
dependent function, it would therefore seem con¬ 
sistent to define energy flow into the circuit by 

•P + jQ “ SI (3) 


This convention is seen also to be consistent with 
the d-c analogy; namely, since the impedance Z in 
an a-c system takes the place of resistance R in 
a d-c system then 


Direct current 
Alternating current 


E 

Power 


« RI 

^ EI -- RI^ 
- zl 


P + JQ = St - ZP 


(3) 


The above arguments, logical as they appear to 
the writer, may not be convincing to some. For 
such it will be necessary to deduce the equation of 
flow of energy into a circuit from the equation of 
energy. In a circuit having resistance and induc¬ 
tance in series the rate of dissipation of energy or 
power is 

Dissipation =* Ri^ 

The kinetic energy is 

Therefore, the flow of energy is 

(ffi,+ig) ( 

Now a little consideration will convince any one 
familiar with d 3 mamical systems that the instant at 
which the kinetic energy reaches a maximum must 
coincide with the instant of maximum, dissipation of 
energy through friction, and the epoch of maximum 
rate of storage must necessarily take place prior to 
that of maximum storage and therefore prior to that 
of maximum rate of dissipation. In a non-conserva¬ 


(4) 

(5) 


tive system constrained to move under a sinusoidal 
force the cycle of stored energy in the system coin¬ 
cide in phase with the cycle of energy rate of dissi¬ 
pation; the total kinetic energy is always positive. 
The rate at which energy is stored into the system or 
the work done by the force in producing motion 

against the inertia of the system is ^ The 

maximum inflow of stored energy therefore occurs 
when the stored energy is one-haS its ma-ritniiTn and 
increasing, and therefore when the rate of dissipation 
is one-half its maximum value and increasing, and the 
maximum outflow of stored energy occurs at the 
same point of the stored energy cycle when it is 
decreasing, that is at the same point of the de¬ 
creasing dissipation cycle. The cycle of inflow of 
stored en^gy is therrfore in phase advance of the 
cycle of dissipation or power inflow by a right angle. 

These cycHc flow of energy relations are shown in 
Fig. 1, as expressed by eq 4 and in Fig. 3 for those 




Fig. 1 (Left)—^Flow of Energy Relations as Expressed by 
Bq 4 FOR Resistance and Inductance in Series 

I . 

Fig. 2 (Right)—^Flow op Energy Relations as Expressed by 
Eq 6 FOR Resistance and Capacity in Series 


who are happier when dealing with electromotive 
forces and currents these relations are shown as 
expressed by eq 5. 

For a circuit having potential energy, the stored 
energy is 


where q is the <±ange at any instant and C is the 
capacity. The inflow of energy into the system is 
given by 

In the dynamical analogy q is the coordinate of the 
motion, i is the velocity. Starting with maximum 
velocity at time zero, the spring (supposed to be 
linear) will have reached V 2 its maximum deflection 
and the maximum stored energy will occur when the 
velocity becomes zero, that is, when Ri^ is zero. 
Thus the cycle of energy storage is of exactly tihe 
same form as that of the rate of dissipation of energy 
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but lagging 180 deg. 

d/ 

of potential energy ^ 

storage cycle by 90 deg and will lag the rate of 
energy dissipation cycle by 90 deg. In Fig. 2 is 
shown this e^ressed in terms of the dissipation and 
stored energy cycle as given by eq 6, and in Fig.. 4 


Therefore, the cycle of inflow 

/I g2\ 

will lead the energy 




Fig. 3 (Left)—^Flow op Enbegy Relations as Expressed by 
Eq 6 FOR Rrsistancb and Inductance in Series 

Fig. 4 (Right)—Flow of Energy Relations as Expressed by 
Eq 7 FOR Resistance and Capacity in Series 


The instantaneous power vector diagram there¬ 
fore is properly expressed by 


ei «= real part of jS/ + &1, or 
£/(l -f" or 

(.P+jQ)(.l+eJ^) 


} 


( 8 ) 


If it is desired to obtain the diagram in terms of 
^e cyclic components of P and jQ we should leave 
jQ out in the last equation, since it is stationary and 
its projection on the real axis is zero. This gives 
the expression; 

ei « P(1 + ^*2w/) + jQe^td ( 9 ) 

where P is the real part of and jQ its imaginary 
part. 

These two diagrams are given in Figs. 5 and 6. 
The diagram of Kg. 5, following eq 8, may be called 
the instantaneous energy flow vector diagram, while 
Fig. 6, following eq 9, may be called the component 
power and reactive volt-ampere vector diagram. The 
sum of the projections of Fig. 6 on the real axis 


in terms of current and electromotive forces as in 
eq 7. 

In dealing with cyclic quantities such as alter¬ 
nating currents and electromotive forces the con¬ 
vention has been standardized of representing such 
quantities by positively rotating vectors in the 
complex plane, the projection of these vectors on 
the real axis dving the instantaneous value or, 
where & and I are root mean square, the instan¬ 
taneous values divided by V^. The only difference 
between energy flow values and currents and elec- 



AS Expressed by Eq 8 for Resistance and Capacity in Series 

Fig. 8 (Right)—^Vector Diagram of Component Power and 
Reactive Volt-Amperes as Expressed by Eq 9 for Resistance 
AND Capacity in Series 



Fig. 5 (Left)—Vector Diagram op Instantaneous Energy 
Flow as Expressed by Eq 8 for Resistance and Inductance 
IN Series 


Fig. 6 (Right)—Vector Diagram of Component Power and 
Reactive Volt-Amperes as Expressed by Eq 9 for Resistance 
AND Inductance in Series 


tromotiye forces is that the axis of rotation of the 
former is di^laced from the origin by the amount 
■P + jQ = ^ which gives the mean power or rate 
of dissipation as the abscissa and the value of the 
rate of enorgy storage which is a purely sinusoidal 
quantity as ordinate. The rotating vector is the 
quantity M e^'^^ rotating about the displaced axis 
of rotation which since at i = 0, I and 1 are both 
wholly real gives Ml e^^ = MI. 


corresponds in value and time with the projections 
of Fig. 5 on the real axis. These diagrams are 
based on circuits having kinetic energy in opera¬ 
tion. Similar diagrams for circuits having po¬ 
tential energy are shown in Figs. 7 and 8, and the 
same eqs 8 and 9 apply, Q in this case being negative. 

In eq 4 if we t^e i — I cos at, where I is the 
maximum instantaneous value of i. 


Ri' 


=» RP cos* wt 
“ 2 2 


cos 2co/ 




‘ 0 " - 


g LP cos* <ai 


mZI* cos 6)^ sin 


—gL7*sin2wi 




Flow of energy 

=• ^ + cos 2at -h cos (2w< -t-| (10) 

J. _L • 40 i _L 
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Choosing positive rotation for vector representa¬ 
tion of power we have 

Flow of energy - ^ +> eJ^ 

= £/ + SleJ^t (H) 

= £T + m 

Eqs 9 and 10, and the component circle diagram 
Fig. 6 conrespond. Eqs 8 and 11 are those for 
Fig. 7 which is a single circle diagram giving the 
instantaneous power or flow of energy. 

Single Phase Non-Sinxjsoidal Electromotive 
Forces and Currents 

In the solution of linear circuits with non-sinu- 
soidal electromotive forces applied it was shown 
that each harmonic of electromotive force is con¬ 
sidered independent of the fimdamental electro¬ 
motive force and the other harmonics. Each 
harmonic therefore has its own power input, stored 
energy cycle, reactive volt-amperes, and power 
factor as if the others did not exist. If we con¬ 
sider the harmonic reactive volt-amperes with 
respect to the fundamental reactive volt-amperes, 
it is seen that the integral of the even harmonics 
over one-half cycle of the fundamental reactive volt- 
amperes is always zero, and for the odd harmonics 
will vary from zero up to the integral of one-half a har¬ 
monic reactive cycle. The amount added to the 
reactive volt-amperes during V 2 cycle of funda¬ 
mental reactive volt-amperes for each harmonie 

is zero for all even and zero to = 1 = - the integral 

over V 2 cycle of the odd harmonic, depending upon 
the phase position with respect to the fundamental 
reactive volt-ampere cycle. The contribution to 
the fundamental reactive volt-ampere cycle of the 
harmonic therefore is indeterminate from the root 
mean square volts and amperes showing that there 
is no such thing as the equivalent sine wave for 
non-sinusoidal currents and electromotive forces. 

If the wave form of applied electromotive force 
is known the stored energy cycle for the funda¬ 
mental component current and its harmonics ^e 
completely defined, and therefore the respective 
power inputs, reactive volt-amperes, and instan¬ 
taneous powers are known for each harmonic and 
the whole instantaneous power cycle and funda¬ 
mental reactive volt-ampere cycle can be obt^ed 
by composition of their individual values as pointed 
out, but the values obtained in this way cannot be 
derived from the mere measurement of the root 
TTi Pfin square volts and amperes of the circuit. 

In practical circuits the distortion is usually 
negligible and therefore power factor as defined 


should be retained as a convenient practical measme 
of the ratio of mean volt-ampere to mean power 
input or mean rate of dissipation. For analytical 
work where harmonics are large in comparison with 
the fundamental, equivalent sine waves should 
never be used, but each harmonic should be con¬ 
sidered independently. 


Power and Reactive Volt-Amperes 
IN a Single-Phase Linear Network 


The method of obtaining power and reactive 
volt-amperes for a linear single-phase network may 
be generalized by using the Lagrangian energy 
function and Rayleigh dissipation function. If 
ii, i„ i„ are the instantaneous currents flowing into 
n terminals of the network and if it is supposed that 
the Lagrangian function T—W (where J* is kinetic 
energy and W is potential energy) and the dissipa¬ 
tion function F have been caressed in terms of 
the terminal currents, then 


Instantaneous power input at f** terminal 


Sir 


( d d( 

sir dt sir 


Instantaneous power input 


g(r-wo Y,- 

«2r 

J ^ 


This egression is quite general and applies for 
both sinusoidal and non-sinusoidal currents, and 
when the terminals supply induction motors and 
synchronous motors as w^ as simple impedances. 
For sinusoidal waves it gives the same result as 
the vector expression 

Pr + JQr - Srtr + JUr 


which has been shown to be the vector representation 
of instantaneous power.* 


Power, Rbactivb Volt-Amperes, and Power 
Factor op Polyphase Circuits 

It is not necessary to consider the general poly¬ 
phase system. It is sufficient for practical purposes 
■ to deal with the three-phase system. Here as shown 
in “Polyphase Power Measurements” by C. L. 
Fortescue, A.I.E.E. Trans., v. 42, 1923, p. 358-71, 
the system if sinusoidal can be completely char¬ 
acterized by the use of the sequence symbols 5®, 
5®, and the conjugate symbols 5®, 5“S 5“*, 
the zero sequence system being self conjugate. 
Thus the currents are given in all phases by 

soht + 


*In ordinary linear networks the total inflow of stored energy can 
be expressed simply as follows: 

dr dW 

Total instantaneous inflow of stored energy » — + —. 

dt dt 

The portion of this to be assigned to the rth terminal is that part of 
dT dW 

— containing ir and that part of containing flr- For the in¬ 


di 


dt 


SF 


stantaneous power input at the rth terminal the quantity •— must 

Sir 


be added. 
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A being the principal phase^ and the dectromotive force 

S^£ao + S^JSai 4“ 

Power as in single-phase circuits is defined by £1 so that total power 
is 

2(S»£^o + + S>Mm) (.SoIm + + S-*1m) 

which gives 

3(fii4a?iio 4- £aJai 4“ ^AslAt) 4“ 

AO^Al 

Al) 

The instantaneous sum of the expressions having 
5“®, S^, and 5* preceding them is zero. They 
are the quantities which d&ne the interchange 
of power and reactive volt-amperes among phases. 
This is characteristic of imbalanced polyphase 
systems and unbalance factors are associated with 
those interchanges. 

If we take the product 

-t- H- 5*^^) (5“1 ao + S^Iai -|- 

we obtain 

ZS^MAniia + -I" 

S&AtiAO + -|- ^Ai^Al) 

It will be observed that the first term is the total 
inflow of reactive volt-amperes for each balanced 
system comprising the symmetrical cbbrdinates, 
except the zero sequence term> and these are zero 
since they are preceding by and 5* showing that 
the total flow of ener^ is uniform in a balance 
system. The terms SBa/^ao “H “H ^Ai^At) 

are connected with the interchange of power and 
reactive power between phases and it is seen that 
these double frequency products are not zero. The 
flow of power in an unbalanced polyphase system 
is not uniform. The equation gives the average 
power factor of each symmetrical component of an 
unbalanced system and of course if the system is 
balanced, zero and negative sequence are not present 
and the expression = ^ajXai gives not only 

the mean power but also the reactive volt-amperes 
which divided by three is the reactive volt-amperes 
per phase. Space does not permit of going ex¬ 
haustively into the subject of polyphase power and 
reactive volt-ampere measurements but the follow¬ 
ing important points should be noted. 

1. In a balanced system the total instantaneous reactance volt- 
amperes is zero. The volt-amperes per phase are givra by the 
imaginary part of the product 3EaJai- 

2. In an unbalanced system there are three such products represent¬ 
ing power and reactive volt-amperes of each symmetrical component. 


3. In an unbalanced system supplied from a symmetrical generator 
the total power and reactive volt-amperes including that of tte nega¬ 
tive and zero sequence components ate included in the poritive se¬ 
quence components so that the expressions Z&aiIai givw the true 
measure of power and reactive volt-amperes that is supplied by the 
generators. The individiwl power factor per phase of each genera¬ 
tor must be obtained by computing the total current and total 
electromotive force for each ph^ in the regular way. 


Non-Linear CiRCtriTS 

The analysis of non-linear circuits is complicated 
mathematically so oidy a brief sketch of the main 
characteristics will be ^ven. The fundamental 
characteristic of such circuits is that sinusoidal 
power takdi in is partly absorbed as such and partly 
converted into harmonic power which is either 
dissipated in the system or made use of. Examples 
of non-linear circuits are: 

1. vracngrtTing dtcuit of transfOTmcTs and other electrical appara- 
tus using iron. 

2. Mercury arc and thermionic rectifier. 

3. Power arcs. 

If all the power for such networks is supplied 
from a sinusoidal source, the total power and re-- 
active volt-amperes delivered will be given by the 
power and reactive volt-ampere input of the funda¬ 
mental sinusoidal impressed electromotive force. 

Conclusions 

Following are conclusions which may be drawn: 

1. For a sine wave the dissipation cycle and the stored energy 
cycle are fundamental concepts and are easily obtained. The power 
input is given by the dissipation cycle and the inflow of stored energy 
by the differential with respect to time of the stored energy cyde. 
The sum of these three cycles gives the instantaneous power cyde. 
The vector expression for this is £1 4“ S't the second term being 
double frequency. £1 being equal to P -h jQ gives the proper point 
on the complex plane for the center of rotation of the positivdy rotat¬ 
ing vector £L 

2. In 3 phase sinusoidal balanced systems the total power input 
from a generator is continuous. The total reactive volt-amperes is 
zero but per phase, it is given by £aJai 4- £aJai vectori^y. 
When there is unbalance the polTOhase pow mput at an unbal¬ 
anced terminal is given by Z{£AiiAi 4“ £asIa 2 4* ^auao)* K 
the source of power is a symmetrical machine the total power and 
reactive volt-amperes input induding the power and r^ctive volt- 
amperes circulated in the system by the zero and negative sequence 
components are given by S£a:i1ai$ aud this gives the true power 
and reactive volt-amperes input to the system. 

3. Non-linear circuits are charactemed by frequency changing 
so that fundamental power and reactive volt-amperes are taken in 
and converted into power and reactive volt-amperes at higher or 
lower frequencies. Here again in general the power and reactive 
volt-amperes measured at fundamental frequency define the true 
power and reactive volt-amperes supplied by the sine wave generator. 


Discussion 

For discttssion of this paper see page 779. 



Reactive Power and Power Factor 

BY W. V. LYON- 

Follow, A.I.E.E. 


I T is the purpose of this paper to discuss the terms, 
reactive power and power factor; to see if they may 
be defined by some general mathematical principles 
so that when so defined they will be useful in the calcu¬ 
lation of electric circuits; and to see what limits there 
are, if any, to a physical interpretation of these mathe¬ 
matical definitions. 

The value of a steady alternating electromotive force, 
c; or current, i, is mathematically defined as its root 
mean square value: 

J e«(/« volts 


I 


rmn 




T 

j i" (It amperes 

(I 


where T is the time of one cycle, i.c., the reciprocal of 
the frequency. 

The mathematical definition of the power, P, sup¬ 
plied to a circuit, where the potential across the circuit 
and the current through it are e and i is: 



I) 


The advantages of these definitions of electromotive 
force, ciurrent and jmwer have long been recognized by 
international agreement. Recently it has likewise been 
agreed that reactive power shall be defined mathe¬ 
matically by the expression El sin 0; where E is the root 
mean square magnitude of the sinusoidal potential 
(volts) across the circuit, I is the root mean square 
magnitude of the sinusoidal current (amperes) in the 
circuit, and 9 is their relative phase. It was further 
agreed that the unit of reactive power shall be the 
“var.” The total reactive power supplied to a network 
is the algebraic sum of the reactive powers supplied to 
its branches. It is thus highly desirable that an agree¬ 
ment should be reached in regard to the sign of the 
angle 0; that is, whether 0 is to be taken as positive for 
condensive or for inductive loads. In other words, 
whether the reactive power is to be positive for a con¬ 
densive or for an inductive load. In this paper the 
author has assumed that the angle 0 is positm when the 
current leads the potential across the circuit, and negor 
live when it lags. Some have adopted the opposite con¬ 
vention. . . i, XI. 

The limitation of a sinusoidal time variation for the 

potential and current in the present definition of re¬ 
active power is unnecessary. The reactive power may 

1. Profewior of EUMstrical Maohincry, MasBachusotts Insti- 
tuta of Technology, Cambridge, Mass. 

Prmnied at the North Eastern Diatricl Meeting of the A.I.E.E., 

Sehenectadu, N. Y., May 10-12,19S3, 


be more broadly defined as S JSJaJ* sin 0*; where h 
represents the order of the individual harmonics in the 
potential and current. That is, the total reactive power 
for any circuit may be defined as the sum of the re¬ 
active powers in the circuit due to the different har¬ 
monic components of potential and current. This latter 
definition of reactive powCT is not limited by tiie wave 
form of the applied electromotive force or by the 
constancy of the circuit “constants” or, in pol 3 rphase 
cases, by the number of the phases or their S3nnmetry. 
It is as broad as and corresponds to the accepted 
definition of (active) power which in the case of non- 
sinusoidal potentials and currents can be expressed as 
S Ehlh cos 0&. Hereafter this definition of reactive 
power, S Ehlh sin 0 a, will be referred to as the “mathe¬ 
matical definition.” 

In what follows, except as noted, the letters E, I, and 
jS are vector quantities whose values may be given by 
complex numbers. Addition and multiplication are 
subject to the rules which apply to compile numbers. 
When necessary, the magnitude of the potential vector, 
E, is indicated thus: \E\, 

Vector Volt-Amperes 

If a sinsuoidal. electromotive force, represented by 
the vector, E, is applied to a circuit and the resulting 
current is also sinusoidal and is represented by the 
vector, I, the vector volt-amperes, El, are 

]EI = P + jQ (See footnote 2.) (1) 

P = 1 B1 X I /1 cos 0 watts 
Q = 1 P 1 X 111 sin 0 vars 

where 0 is the phase angle by which the current leads 
the electromotive force. P and Q are the active and 
reactive powers. This expression, El, for the vector 
volt-amperes is a very useful one in circuit analytis. 
It is a non-rotating vector and is in this respect quite 
different from the rotating vectors which represent the 
potential and current. Due to its non-rotating charac¬ 
ter, vector volt-amperes due to a potential and current 
of one frequency may be added to the vector volt- 
amperes due to a potential and current of another 
frequency, and the result will be a fixed vector. It must 

2. is tlie conjugate of E with respect to the horizontal axis, 
t.e., the axis of reals. If 

E = 1 El 

E == \E \ / - (Jit 
and J = I Jl /a)t4-0 

Then ^I^\E\%\I\I± 

= I E1 X I /1 (cos 0 -h i sin ») 

= P +jQ 

where P = | E1 X 1 /1 cos 0 watts 

Q = I EI X 1 /1 sin 0 vars 
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be borne in mind that reactive power as well as active 
power depends only upon potentials and currents of the 
same frequency. If sevCTal frequencies are present 
simultaneously, both of these powers are computed for 
each frequency separately as if the other frequencies 
did not exist; that is, potential of one frequency and 
current of another frequency produce neither active 
nor reactive power. 

Total Vector Volt-Amperes 

There is an important mathematical theorem in cir¬ 
cuit analysis of which, apparently, no formal proof has 
be«i given. It is, that the s\nn of the vector volt- 
ampere inputs to the individual branches of any net¬ 
work whatsoever equals the vector volt-ampere input 
at the terminals of the network. In the general case, 
when the potentials and currents are non-sinusoidal, 
each harmonic order may be considered separately, 
since they have no effect upon each other in the vector 
volt-amperes. First it is evident that the total vector 
volt-ampere input at the terminals of any series or 
parallel combination is not affected by replacing the 
combination by its equivalrait single circuit. The key 
to the proof, however, is the star-mesh transforma¬ 
tion.® It may be shown that the total vector volt- 
ampere input at the terminals of any star is not affected 
by replacing the star by its equivalent mesh. In these 
replacements the impedance of any branch of the 
original network at the frequency being considered is 
the raiio of ffie potential vector to the current vector for 
that branch and at the frequency considered. In the 
analysis it is only necessary to specify what these ratios 
are and not to describe how they may be obtained by 
physical circuits. In the case of non-linear circuits it 
may be necessary for these impedances to assume values 
of zero and infinity. If in any branch there is a har¬ 
monic componait of current without any corresponding 
component of potential, the coefl&cient, z, for that 
branch is zero; and amilarly, if there is a harmonic 
component of potential without a corresponding com¬ 
ponent of current, the coefficient, z, for the branch is 
infinite. The series, the parallel, and the star-mesh 
transformations are still valid even in these extreme 
cases. 

By means of these ti^sformations any network can 
be reduced to a single circuit or circuits connecting its 
input terminals. This process does not alter the total 
vector volt-amperes, and thus the theorem is proved in 
the case of a single frequency. Since it is true for one 
frequency it is also true in the general case where the 
potentials and currents are non-anusoidal. Thus the 
theorem may be expressed in the general formula: 

3. “Direct Capacity Measurement,” C. A. Campbell, Belt 
iSfte. TecA. yottn, V. 1, July 1922, p. 18. 

“A New Network Theorem,” A. Rosen, Jovr. I.E.E,, v. 62, 
1925. 


Total vector volt-ampere (Bolo) input to any network 
is 

h^"fn n 

= ( 2 ) 

h-lk-l 

where h is the harmonic order of potential and current 
and there are n branches in the network. The summa¬ 
tion is made for all of the harmonic orders in all of the 
branches. 

The foregoing proof involves only the potential and 
current vectors and no restriction is placed upon them 
except that they must obey the two Kirchhoff laws that 
SjE? about any closed loop is zero and that Si at any 
point is also zero. The real part of the total vector 
volt-amperes to any branch, S | | X | !»| cos is 

the total po^er supplied to that branch. It is not 
illogical then to name the imaginary part, S | j X 
I Ja 1 sin dh, the reactive power supplied to that branch. 
It should be emphaazed that this definition of reactive 
powa: is based on the relation of the terminal potential 
of any branch and the current in the branch. It in no 
way inquires into the cause of this relation and so does 
not attempt to correlate the “reactive power” and any 
of the physical reactions within the branch. The 
physical concept of (active) powa: is pOTfectly definite. 
Unfortunately, howevCT, there is, apparently, no general 
physical concept of reactive power. It is true that 
reactive power is due to the displacement between the 
potential and current produced by thephyacal charac- 
tmistics of the circuit. The displacement is frequently 
caused by the magnetic and electric fields and thus 
there has grown a belief that there is a direct relation 
between the reactive power and the power delivOTed to, 
or energy stored in, these fields. Since the displace¬ 
ment may be produced by other phyacal character¬ 
istics, the physical conception of reactive power based 
on the magnetic and electric fields cannot be general. 
Moreover, as we shall presently show, this conception 
may lead to erroneous conclusions. Reactive power 
is fundamentally a mathematical quantity which is use¬ 
ful in circuit analysis. It is for this reason that its 
definition has been labeled “mathematical.” 

Power Pulsation 

Brfore we attempt to identify the reactive power 
defined in this manner with any physical characteristic 
of the circuit, there is a variation of the mathematical 
theorem that is worth while considering. It will be 
noticed that the theorem holds equally well when the 
vectors, E, are substituted for their conjugates; that is, 
for any tingle frequency we may write: 

n 

Solo = 2 

ft- 1 

The product El has a particular and useful significance. 
If the potential across any branch is: 

e = V2\ E 1 tin (wi + a) 
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and the current in this branch is: 


i = V^l 11 sin (wi + o! + 0) 
then the instantaneous power, p, is: 
p = 1 £71 X 1 J1 cos 6—\E \ X I / 1 cos (2(of + 2a + 6) 


or 

p = I -E I X I X 1 cos d — I £7 1 x| / 1 sin 0”1“9O°) 

Thus the double frequency portion of the instantaneous 
power can be represented by the vector product, 
— jEI. (See footnote 4.) This double frequency por¬ 
tion of the power will be called the power pulsation 
and it will be represented by the letter, S, (sinusoidal). 
Thus: 


S = - jEI (4) 

Equation (3) may then be written 

k n n 

= 2 i 2 

jlt-1 ft-1 


Since the total instantaneous power input is equal to 
the sum of the instantaneous powers absorbed by the 
various branches of the network, and since the same 
relation also holds for the average values of the power, 
the total power pulsation must be equal to the sum of 
the power pulsations in the various branches of the 
network. If there are harmonics present in the poten¬ 
tials and currents, the instantaneous power will contain 
terms that are the product of potentials and currents 
of different frequencies, and thus equation (3) cannot 
be extended to include the case where harmonics are 
present, as can be done with equation (2) for the vector 
volt-amperes.® 

When the potentials and currents are both sinusoidal 
and of the same frequency, equations (2) and (5) can 
be combined in the following manner to obtain a check 
on the circuit calculations: Let 


and 

And similarly let 


Eh = Ek' + jEk" 
Ik = Ik' +31/ 
Eq = Eo' + jEo" 


and 

/o = lo' + 31 / 

Then 

Ekh = Ek'Ik' - E/Ik" +3 (Ek'I/ + E/Ik’) 


Also 

Ekh = Ek'Ik' + Ek''h''+3 {Ek'Ik" - Ek"h') 

If th^e results are substituted in equations (2) and (5) 
it at once follows tiiat: 

El = \E \ 1 1 1 /crif -I-« + B 

= 1^1 X 1 1 1 +2a + d 

jEI “ 1 ® 1 X 1 /1 /2a>f -I- 2« -h ^ -I- 90° 

5. Tbe mathematical formula can be extended to include 
Iiftymnning, but it caunot be interpreted as pulsating power, 
since the pulsating power will contain terms which are the 
product of potential of one frequency and current of a different 
frequency. 


EoTo' = Ek'Ik' 

Eo"h" = S £7/1/ (6) 

Eo'h" = S Ek'Ik" 

and 

Eo"h' = S £7/1/ 

The usefulness of these relations is apparent when we 
consider a typical problem. Let us suppose that the 
current input to a network due to the application of a 
potential £7o' -|- jO is + jl /. Further let us suppose 
that in the solution of this problem we have determined 
the complex expressions for the potential and current 
for each branch of the network. The sum of the 
products of the imaginary component of each of these 
potentials and the real component of the corresponding 
current over the whole network should be zero, as 
shown by the fourth relation. The other relations are 
interpreted in a similar manner. 

There is another important relation that results from 
this “mathematical” definition of reactive power. The 
sum of the squares of the active and reactive powers is 
in general equal to the square of the effective volts 
multiplied by the square of the effective amperes only 
when the potential and current are anusoidal and of 
the same frequency. When there are harmonics present 
in either the potential or current, or in both simul¬ 
taneously, this relation is in general not true. Or it may 
be stated that the magnitude of the vector volt-amperes, 
viz., VP* + Q* does not equal theproductof theeffective 
volts and the effective amperes when there are har¬ 
monies present. For example, it would be found when 
testing a power tiransfonner on opai circuit that the 
difference between these quantities might wdl be as 
much as 8 per cent. 

Physical Concept op Reactive Power 

We will now examine three of the physical concepts 
of reactive power which coimeet it with the electric 
and magnetic fidds. 

J. Concept of Instanta/neous Reactive Power. We shall 
define the instantaneous value of the reactive power 
supplied to a magnetic field by the electric circuit as the 
product of the instantaneous value of the current in 
the drcuit and the instantaneous value of the electro¬ 
motive force geuCTated in the circuit by the time varia¬ 
tion of the magnetic field. Similarly, the instantaneous 
value of the reactive power supplied to an electric field, 
i.e., to a pCTfect condenser, equals the product of the 
instantaneous value of the current in the condenser and 
the instantaneous value of the potential aoross the 
terminals of the condenser. In other words, the 
instantaneous value of the reactive power is the time 
variation of the instantaneous value of the energy 
stored in the magnetic and electric fields. If the 
instantaneous value of the reactive power is zero, the 
stored energy is constant. If the potential and current 
are both sinusoidal the instantaneous reactive power is 
also sinusoidal but of double frequency. Care must be 
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observed in .distinguishing between the terms in¬ 
stantaneous value of reactive power’^ and reactive 
power,” (LD).« The former varies with the time while 

the latter does not. In this respect the former cor¬ 
responds to the instantaneous power input to a drcmt, 
while the latter corresponds to the average or active 
power input. 

If a sinusoidal potential is impressed on a saies cir¬ 
cuit of resistance R and reactance X the maximum value 
of instantaneous power input to the electric and mag¬ 
netic fields equals the reactive power input as inter¬ 
nationally defined. This fact may give rise to a prevar 
lent belief that when a circuit is adjusted so that the 
reactive poww (I.D.) input at the terminals is zero, 
i.e., so that the terminal power factor is unity, the 
instantaneous value of the total reactive power is also 
zero, i.e,, the total stored enwgy in the electric and 
magnetic fields is constant. Unfortunately, however, 
this is not generally true in single-phase circuits except 
in one special case which we will presently describe. 
Neither is it true in polyphase circuits. If, for example, 
a symmetrical polyphase circriit has impressed upon it 
symmetrical potentials, the total instantaneous re¬ 
active power input is always zero, regardless of the 
power factor at which the circuit is op^ting. That is, 
the total stored energy is constant just as the total 
instantaneous power input to the dreuit is constat. 

Let us see what limitation must be imposed in the 
single-phase case for the belief to be true. Consider an 
R, L, C network having two points of entry only, 
across which is impressed a anusoidal electromotive 
force. EvM^y inductance.is assumed to have resistance 
associated with it, although the condensers may be 
assumed to be perfect. 

Theorem: If this network is adjusted so that the 
total instantaneous power input to its electric and 
magnetic fields is zero, the currents in all of the branches 
of the network are in time phase. 

Proof: The instantaneous powar input to a re- 


the rotating vector XIx^, where X is positive for in¬ 
ductance and negative for capacitance.'^ Jr and Jx ur® 
the rotating vectors which represent the currents in 
the resistance, R, and the reactance, Z, respectively. 

Therefore the double frequency portion of the power 
input at the terminals of the network may be repre¬ 
sented by a rotating vector S o of the form 

So = S (- jW + XIx^) (7) 


So = -iS(BJR*+iXJx*) 

Compare this with equation (4). 

The vector volt-ampere input at the terminals of 
the network is 

P„+iQo= S(KlJal*-i^Uxh 

Note that while So is obtained by a vector su^ation, 
Po is obtained by a numerical summation rince B is 
always poative and Qo> by an algebraic summation 
ance X may be either poative (inductive) or negative 
(capacitive). Now it is well known that the amplitude 
of the double frequency power input equals the magni¬ 
tude of the vector volt-amper es, that is: 

1 So 1 = VPo* + Qo® 

If the network is adjusted so that the total instan¬ 
taneous power input to the magnetic and electric field 


is zero. 


S XIx® = 0 


and 


So = - i S EJr* 


Thus the magnitude of the vector sum S BIr* equals 
the square root of the sum of the squares of the magni¬ 
tudes of the numerical sum S B [Jr ]* and of the 
algebraic sum 2 X | Jx !*• 

Since the vector sum of any number of vectors may 
be equal to but not greater than the numerical sum of 
their magnitudes, it follows that not only 

1SBJr®1 = SBIJrI® (8) 


but also 


Qo= SX| Jxl® = 0 


ristanceB which is carrying a current Therefore the reactive power Qo at the terminals is 

V2 1 J1 sin («i -f a) is: . zero, and since the vector and numerical sims are 

Ur = BI J1® - B 1 J1® cos 2 (wi -I- a) equal, as shown by equation (8), the curroits in all of 

' , • J r the branches of the network which contain resistance 

If the same current flows through an inductance L the Di^cn^ oi me n 

the instantaneoee power input to the magneUc held are eonidering the reactive 

Pl = coL 1 J I® sin 2 («< 4- a) terminals is zero, the input cur- 

If the current flows through a cap^tance C, the jg phase with the applied potential, Eo, and 

instantaneous power input to the electric field is: network is equivalent® to resistance 


Po = - I J1® sin 2 («f + a) 

For the same reason that it is proper to represent this 
current by the rotating vector J it is also proper to 
represent the double frequency portion of the power 
input to the resistance by the rotating vector - jBJr® 
and the power input to the magnetic or electric field by 

6. International definition. 



Thus the double frequency power input, - jRiJ<?, equals 

7 The square of a vector, Y, is a vector, Y®, whose ma^situde 
is the square of the magnitude of Y and whose phase ang^e is 
always double the phase angle of Y. The speed of rotation of Y» 
is thus twice the speed of rotation of Y. 

8. In the steady state and at the given frequency. 
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— j S RIr\ From this't follows that all of the cur¬ 
rents in the branches containing resistance are in 
phase with the input current at the points of entry. 

It remains to consider those cases in which some of 
the branches of the network may not contain resistance. 
In any actual network every inductance would be 
associated with resistance, but it is often assumed that 
the capacitances are perfect, i.e., without series re¬ 
sistance. Consider a network some of whose branches 
consist wholly of capacitance. When the currents 
flowing into any network and the impedances of its 
branches are known, the currents in all parts of the 
network are determined by applying the two Kirch- 
hoff principles. Apply these principles to the capacitive 
portion of the network. The currents flowing into these 
capacitive branches will come either from branches con¬ 
taining resistance or directly from one or both of the 
points of entry. Since all of these input currents to 
the portion of the network under consideration are in 
time phase, and since all of the branches of this portion 
of the network have impedances of the form 

. 1 
uC ’ 


that there is a direct interchange of energy between 
these condensers so as to maintain their total energy 
constant. Since the instantaneous reactive powar input 
to the condensers is zero, the total instantaneous re¬ 
active input at the terminals equals that taken by the 
coil. From this point of view it would be reasonable 
to conclude that the reactive power input at the termi¬ 
nals is inductive, from which it would follow that the 
input current lags the applied potential. This is an 
entirely erroneoTis conclusion, since the input current 
leads the applied potential as is shown in the vector 
diagram. 

We have attempted to obtain a physical conception 
of reactive power by associating it with the instantane¬ 
ous power input to the electric and magnetic fields. 
We have clearly shown that the sum of the instantane¬ 
ous values of reactive power in the different branches 
of a network may ^ve no indication as to the value or 
character of the reactive power (I.D.) at the input 
terminals to the network. 

Imagine the confuaon of a student who is taught that 
sinusoidal electromotive forces or currents must be 
combined with due regard to their phase relations, while 


it follows that all of these capacitive currents will be 
in time phase with the input current. Thus the theorem 
is generally true for all actual networks. 

We have therefore proved that if a single sinusoidal 
electromotive force is impressed on any actual R, L, C 
network which is adjusted so that it operates at unity 
power factor the total instantaneous input to its elec¬ 
tric and magnetic fields is zero only when the currents 
in all of the branches of the network are in time phase. 
Since such a network may be adjusted for unity power 
factor without having all of the currents in time phase 
it follows that there can be no general relation between 
the reactive power as defined by international agree¬ 
ment and the instantaneous value of the power input 
to the electric and magnetic fields. 

Another interesting point is illustrated by the simple 
circuit shown in Fig. 1 (a). The resistance and reactance 
of the coil are equal and the reactances of the con¬ 
densers are each one-half of the reactance of the coil. 
The vector diagram showing the potentials and currents 
is in Fig. 1(6). From this are derived the vectors, 
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which represent the instantaneous reactive powers in 
the condensers and inductance. (See equation (7).) 
In this case the maximum value of the instantaneous 
reactive input at the terminals equals the reactive 
power (I.D.) input even though the currents are not m 
phase. Note, however, that the instantaneous r^ 
active power input to Ci is equal in magnitude, but in 
exact time opposition, to the instantaneous reactive 
power input to C»; that is, it might reasonably be said 


(b) (c) 

J’la. 1 —Simple Ciecott (o). Potential and Cubeent 
Vbctoes (b), AND Vbctobs (c) Which Repebsent the Instan¬ 
taneous Reactive PowEE IN the Condensees and Inductance 

reactive powers, which he is also taught to think of as 
sinusoidal quantities, are combined without r^ard to 
their phase relations. In view of this it seenm wise to 
discard this conception of reactive power entirely, at 
least when combining the reactive powers in a number 
of branches. 

II. Concept of Maximum Voliw of Stmea Energy. 
The reactive power might be associated with the maxi¬ 
mum value of the stored energy. Consider two re¬ 
active coils connected in parallel. The total reactive 
power is the numerical sum of the reactive powers in 
the two branches, but the maximum values of the stored 
energy may occur at different times inaSmudi ^ the 
currents may not be in time phase. Thus the ma ximum 
stored energy in the magnetic fields may not be equal 
to the sum of the ma x i m u m values of the stored energy 
in the individual fields. Thus this conception of re¬ 
active power is also open to the same objection as that 
we have already discussed. 
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III. Concept oj Average Stored Energy. The reactive 
power might be associated with the average value of 
the stored energy, provided this stored energy is given 
a positive value when the current in the circuit leads 
the potential across the circuit, and is given a negative 
value when the eurr«it lags the potential difference. 
The very obvious advantage of using the mean value of 
the stored energy is that it has no phase relation as¬ 
sociated with it, that is, if we do not regard plus and 
minus signs as indicating a phase relation. If a circuit 
contains a series inductance of consta^ value, L, and 
is carrying a sinusoidal current, i = V2 \ I \ sin cot, the 
instantaneous value of the stored energy is 
The mean value of this stored energy is L I \ 
Now the reactive power in this case is Q = coL 71 
that is, the reactive power is the mean value of the 
stored energy multiplied by 2 a). Exactly the same 
relation holds if the circuit contains capacitance and if 
the current is sinusoidal. We now have a physical 
conception of reactive power that holds for any single¬ 
phase static network, i.e., having only two points of 
entry, in which all of the electromotive factors and 
currents are sinusoidal. That is, the reactive power 
at the taminaJs is the algebraic sum of the average 
values of the energy stored in the electric and magnetic 
fields multiplied by 47r times the frequency. 

Furthermore, it is a simple matter to show that for 
pol 3 )phase static circuits that are magnetically coupled 
the reactive power is the mean stored energy multi¬ 
plied by 2 a) if the potentials and currents are sinusoidal 
and of the same frequency. The same relation also 
holds for a rotating machine like a polyphase induction 
motor provided the potentials and currents in the stator 
windings are sinusoidal and of one frequency. The 
mean value of the stored magnetic energy, however, 
does not account for the reactive power input to a 3301 - 
chronous motor since the power factor at which the 
motor operates is controlled by the field excitation and 
may range from lagging to leading. 

If a non-harmonic current, the effective values of 
whose, harmonic components are Ji, J 2 , and Is, flows 
through a constant inductance L, the mean value of the 
stored energy is 


1 

2 




+ 1 ^ + 7 **). 


If the definition for reactive power is extended to in¬ 
clude harmonics as we have suggested the reactive 
power in this case is <aL (7i* -|- 272* + 378*). It thus 
bears no direct relation to the mean stored energy as 
it did with sinusoidal currents. 

Finally, in all of those cases where, due to the presence 
of magnetic material, the inductance is a function of the 
current, it is not possible to determine the value of the 
mean stored magnetic energy inasmuch as the phj^cal 
phenomena involved are not xmd^stood in any quanti¬ 
tative manner. Thus in these cases there is no de¬ 


termined relation between the reactive power and the 
mean stored energy. 

If reactive power is measured by a meter of the 
d 3 mamometer type in which the potential circuit con¬ 
sists wholly of inductance, the instrument is subject 
to frequency errors. Furthermore the instrument indi¬ 
cates the mean value of the stored magnetic energy if 
there are harmonics present and if the inductances in 
the network are independent of current strength. In 
fact, the definition of reactive power might be based on 
the meter reading. If this were done, however, the 
generalized mathematical concept of reactive power 
that hasbeen here developed would have to be discarded. 

Conehmon. Reactive power, as defined by inter¬ 
national agreement, is fundamentally a mathematical 
quantity. At present it is based upon an assumption of 
sinusoidal potentials and currents. This limitation of a 
sinusoidal wave form can be removed and the definition 
will then correspond to that for active power. We 
would then have a truly scientific definition. If this 
wCTe done the generality of the mathematical definition 
of reactive power and its use in drcuit calculations 
would far outweigh any other consideration. Reactive 
power is due to some physical characteristic of the cir¬ 
cuit which causes a phase displacement between the 
potential across the circuit and the current in it. Con¬ 
stant inductance and capacitance will produce this 
effect. It may also be produced by the electric arc or 
by resistance that varies with the current strength due 
to heating. In rotating synchronous machines the 
phase displacement can be controlled by the relative 
strength of the field poles. In general, however, re¬ 
active powCT cannot be said to equal any one delate 
physical quantity. The best physical concept that we 
have is based upon the mean value of the stored energy, 
but in determining this mean value the energy stored 
in an inductance must be counted of opposite ai gn to 
that stored in a condenser. Furthermore this concept 
is valid only when the circuit is linear and the impressed 
potentials are of a single frequency. Any concept based 
wholly upon tibe instantaneous value of the stored 
energy or of the time rate of change of the stored energy 
.will probably lead to great confusion in the mind of the 
student. It is rdatively unimportant that there is no 
general ph 3 )sical concept of reactive power. Were it 
defined as a physical quantity that did not prove useful 
in circuit analysis it would soon be forgotten. 

It is important to note that for the purpose of circuit 
calculations the components of both the active and 
reactive power for each frequency need to be given. 
The resultant active and reactive power for all fre¬ 
quencies combined is of little value in circuit calculations. 

Power Factor 

The general definition of the power factor of a angle- 
phase network is the ratio of the power supplied, P, to 
the product of the applied potential difference, V, and 
the current, 7. Under all conditions this product is the 
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greatest power that the given eflfective current, I, can 
produce at the given potential difference, V. With this 
in mind the definition of power factor might be formu¬ 
lated as follows: Power factor is the ratio of the actual 
power to the greatest power that the given effective 
current and the given potential can produce. This form 
of the definition has one possible advantage. It can 
be extended to the general polyphase case where the 
applied potentials are not sinusoidal. 

In the single-phase case the only load which in general 
will take the maximum amount of power for a given 
effective value of the current is a fixed non-reactive 
resistance. The accepted definition of power factor thus 
compares the actual load with a non-reaetive resistance 
load, both of which take the same effective value of cur¬ 
rent at the same potential. When we attempt to obtain 
a corresponding conception of power factor in a poly¬ 
phase circuit we must allow the resistances of the dif¬ 
ferent phases of this non-reactive load to take on any 
value from plus to minus infinity. For sample, take 
the simple three-phase load illustrated in Fig. 2(a). 

If the line potentials are dnusoidal and each has a 
value of 100 volts, the line currents are 20 amp, 10 amp, 
and 10 amp. In order to duplicate these line currents 

Pia. 2 —Simple 
Thbbb-Phasb 
Load (a), and 
Non-Re ACTIVE 
Resistances 
(6) Giving the 
Same Line 

Current 

and have the branches non-reactive resistances they 
must have the values indicated in Fig. 2(6). Although 
such a condition is physically impossible we may still 
consider the condition of maximum power for given 
values of effective currents. For example, the load 
shown in Fig. 2(a) takes the greatest possible power for 
the given values of line currents. The reactive power 
input to this load is zero. 

In the following discussion we shall assume that the 
currents and potentials are sinusoidal and of the same 
frequency. First consider a network that has three 
points of entry. This might be either a three-phase 
circuit or a three-wire two-phase circuit. The potentials 
between the successive line conductors are fixed. This 
determines a triangle of the line potential vectors. 
Similarly, since the magnitudes of the line currents are 
also known—by hypothesis—the current vectors also 
determine a triangle. This triangle may take one of 
two forms determined by whether the cmrents are in 
the same phase order as the line potentials or in the 
opposite phase order. In either case the maximum 
value of the power suppli ed equals the magnitude of the 
vector volt-amperes, -s/F* -h Q* ^Rt the vector volt- 
amperes are greater when the phase order of the cur¬ 
rents is the same as that of the potentials. Thus, in 




this case of a three-wire circuit, the maximu m value of 
the power that can be supplied by the given potential 
and currents equals the vector volt-amperes determined 
on the assumption that the phase orders of the poten¬ 
tials and currents are the same. If it happrais that the 
phase ordOTS of the line currents and line potentials are 
opposit e, the ma gnitude of the vector volt-amperes, 
viz., VPi? + Qd\ is less than the maximum possible 
power for the given system of line potentials and of line 
currents. This condition may arise when an induction 
motor is running idly on an unbalanced potential sys¬ 
tem. All that is necessary is to have an unbalance in 
the line potentials greater than the ratio of the no-load 
admittance to the blocked admittance of the motor. 
The negative-sequence current will then be greater than 
the positive-sequence current and the phase order of the 
line currents will be opposite to the phase order of the 
line potentials. There is thus the possibility that the 
power factor as determined by the ratio of the actual 
power to the maximum power for the given line poten¬ 
tials and line currents will not equal the power factor 
as determined by the ratio of the actual power to the 
magnitude of the vector volt-amperes. 

Let us now conader a network into which currents 
flow at four or more points; for example, a three-phase 
circuit with neutral connection, or a four-phase circuit. 
The line potentials are fixed both in magnitude and in 
relative phase. Assume for the moment that the phase 
relations of the line currents are fixed with respect to 
each other but not with respect to the line potentials. 
Then, if the phase order of the line currents is the same 
as that of the line potentials, the maximum power for 
this particular current polygon is equal to t he magni- 
tude of the total vector volt-amperes, viz., VPo* + Qo*. 
With four or more currents the phase rdations of the 
currents with respect to each other are not fixed by the 
magnitudes of the currents as they are in a network 
having three points of entry. The magnitude of the 
vector volt-amperes, however, depends upon the phase 
relations of the curr^ts with respect to one another, 
and there is one particular current vector polygon for 
which the vector volt-amperes are greater than for any 
other. Thus the magnitude of the total vector volt- 
amperes, viz., VPi? + Oo* is generally less than the 
TnaxiimiTTi power tW can be developed by the pven 
system of line potentials and the given line currents. 
For example, consider a symmetrical four-phase circuit 
having line potentials of 100 volts between adjacent 
conductors and 141.4 volts between alternate con¬ 
ductors. Connect two resistance loads, each of 10 
ohms, across opposite pairs of line conductors. The Une 
currents are each 10 amp. The active power is 2,000 
watts and the reactive power is zero. The 2,000 watts 
is the TnaxiTTiinn power for this particular current 
polygon. Now connect four resistances, each of 14.14 
ohms across adjacent pairs of line conductors. The 
line currents are again 10 amp. The reactive power is 
again zero, but the active power is now 2,828 watts. 
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The 2,828 watts is not only the maximum power for 
this current polygon but it is the greatest power that 
can be developed by any load whose line currents are 
each 10 amp. If power factor should be defined as the 
ratio of the actual power to the maxhnmn power that 
can be developed for the given ampere values of the 
line currents, the power factor of the first resistance 
load would be 0.707. This power factor would be the 
power factor of the load conadered from a polyphase 
standpoint. Considered from the point of view of 
individual single-phase loads, the power factors are 
each unity. The first of these loads is unbalanced, and 
It is probably better to use two factors in describing it, 
viz., power factor based upon active and reactive power, 
and unbalance factor based upon symmetrical com¬ 
ponents. Thus it seems unwise to extend to poljrphase 
circuits the conception of single-phase power factor, 
that is, that it is the ratio of the actual power to the 
maximum power for the given potential and current. 

Conclusion 

We have given definitions for potential, current, and 
active and reactive power which are independent of 
wave form and of circuit conditions. In order to use 
these quantities in circuit analysis when there are 
harmonics present, it is necessary to know their indi¬ 
vidual harmonic components. The value of the total or 
resultant quantity is not sufficient. By definition, 
single-phase power factor is a blanket factor which 
covers and so disregards any deviation in wave form 
from the sinusoidal. Thus it is not a quantity that can 
be used in circuit analysis when there are harmonics 
present. If polsrphase power factor is defined as the 
ratio of the power to the magnitude of the vector volt- 
amperes it is likewise a useless quantity in circuit 
analysis if there are harmonics present. Furthermore, 
this d^ition of polyphase power factor makes it a 
derived quantity which depends upon the active and 


reactive power. Even when there are no harmonics 
present so that power factor may be legitimately used, 
the circuit calculations are usually simpler if the loads 
are determined by their active and reactive powers 
rather than by their power factors. That is, as far as 
circuit analysis is concerned, power factor is a quantity 
whose retirement need scarcely be noted. 

There is, however, another and important use for 
power factor. There is a need for just such a blanket 
factor when specifying the character of power loads 
from a commercial standpoint, that is, when writing 
specifications or power rates. In that case it does not 
seem necessary that power factor should have a rigorous 
scientific definition such as has been given potential, 
current, and power, and can be given reactive power. 
In these quantities we have adequate means for specify¬ 
ing our circuits for the purpose of analysis. On the 
other hand, it seems best to consider power factor as a 
purely commercial quantity and to define it accordingly. 
It may be that the present definitions of single-phase 
and polyphase power factor are adequate. However, 
before the definition is written we should decide upon 
the status of power factor; whether it is to be classed as 
a scientific quantity like power, for example, or as a 
commercial quantity like load factor. In making this 
decision we should frankly recognize that if it is to be 
considered as a scientific quantity which is useful in 
circuit analysis, both the single-phase and polyphase 
definitions must be rewritten. If this is done, the 
resulting quantity will not, on the whole, be as useful 
in circuit calculations as the concept of reactive power. 
And furthermore, in this ease the power factor will not 
be the useful commercial quantity which now appears 
in specifications and power contracts. 


Discussion 

For discussion of this paper see page 779. 
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Synopsis* In (he following paper, the charaeJer of the quantity 
known as rrnctiee voU’-aniptres is first discussed and Us dcimidcnce 
on the assuiupiiau of a definite type of periodieMy is brought out, 
this in eonlrast to certain other n^c (ptanlities. It is pointed out that 
on account of the rather complicated relation that it bears to the 
flow of energy in an electric circuit serious difficulties are met in its 
jneasurement except in the simpler conditions of balanced voltages, 
in a polyphase circuit, and sinusoidal waves. Two 2 >rocedures are 
outlined vddeh though they are not premised on balanced voltages 
havefrcAiucncy and waveform liniUations, 


C ERTAIN of the quantities used to describe the 
phenoinena associated with alternating currents 
require the postulation of a definite type of 
periodicity or a definite frequency in order to give thm 
meaning. Among these are phase angle and reactive 
volt-amperes. Even with an almost haphazard charac¬ 
ter of o.scillation, an alternating current may have a 
definite root-mean-.square value provided the averaging 
is carried over a suflicient interval, but in stating a value 
of reactive volt-amperes, a definitely ordered frequency 
must be {jssumed. 

In the measurement of reactive volt-amperes or re¬ 
active volt-ampere-hours, we are concerned with quan¬ 
tities the definition.s of which are dependent on the 
assumption of periodicity and which consequently can 
have definite values only when considered over inter¬ 
vals long enough to e.stablish a definite character to that 
periodicity. In the ordinary case in which the fre¬ 
quency is constant and the measured quantities and 
their components show simple sinusoidal variation, the 
procedure for measurement need not be very compli¬ 
cated though the extreme simplicity of power measure¬ 
ment apparently cannot be attained. Most commercial 
<levices for the measurement of reactive volt-amperes 
are designed on the assumption that the complications 
jirising from a complexity in waveform may be neglected. 

If the problem at hand happens to he to measure a 
particular type of quantity, it is useful to know some¬ 
thing more about tliat quantity than the equation that 
defines it. The equation may be the residue remaining 
after numerous terms, that must be represented in the 
mechanism for measurement, have been eliminated. 

In the mcjisurement of energy with the ordinary watt- 
hour meter, we integrate, with respect to time, the 
instantaneous products of current and voltage. In the 
measurement of power, using the ordinary wattmeter, 
we progressively average values that are obtained by 
integration. In the fonner, the integration is con- 
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In the latter part of the paper, the relation of the quantity of energy 
that surges in an a-c circuit in which there is energy storage, to the 
average floiolpf energy is considered, and advantages of this concep¬ 
tion as a basis for rates are indicated. 

Finally, it is pointed out that reactive volt-amperes is of the nature 
of a complementary quantity rather than a specific activity of the 
electric circuit which when suiidbly combined with power gives 
voli-ampercs, 

« « « 4t 


tinned indefinitely; in the latter, the integration and 
averaging occur by reason of the inertia of the deflecting 
member of the instrument. In both measurements, we 
are dealing from instant to instant with components of 
power, i.e., instantaneous current and instantaneous 
voltage that are readily accessible in the electrical dr- 
cuit; the measured quantities have a meaning however 
short the chosen interval. 

In a single phase electric circuit containing inductance 
or capacity, in each half cycle there is a storage and 
release of energy which is determined by the changing 
instantaneous values of current and voltage. An 
oscillographic wattmeter shows this as an ebb and flow 
of power in the circuit. In a balanced polyphase circuit 
considered as a whole, the flow of energy may be at a 
perfectly uniform rate because the storage of energy in 
one part of the circuit is exactly balanced by the rdease 
of energy in another part; yet each conductor is the 
scene of a pulsation of energy. 

Assume sinusoidal voltage and current according to 
equations (1) and (2). Their product gives the power 
equation (3) which transformed, shows this product to 
be equivalent to the sum of two terms, equations (4) 
and (5). One term is an average value of the power and 
so independent of time. The second is a double fre¬ 
quency pulsation of power of which the average value 
over an integral number of half cycles is zero and which 
consequently closely approximates zero over any suffi- 
ciently long interval of time. 

If the time origin be so chosen that it falls exactly 
midway between the time of zero value of voltage and 
the time of zero value of current, the very simple form 
shown in equation (9) results. . -j , 

Instead of expressing the relation of the smusoidal 
pulsation of power to the time origin as an jmgle, we 
may show this pulsation as the sum of two sinusoidal 
components, one passing through maximum, the other 
through zero value at time zero (equation (6)). If also, 
we chose zero time to coincide with the time of zero 
value of either voltage or current, equations (7) and (8) 
result. These have the peculiarity that the coefficioit 
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Equations 1 to 9 


« ( 1 ) 

i - <pi) (2) 

p = ci = Emim sin (cat — <pt) sin (w< — ^,) (3) 

_ ErJ„ (2(at- (ft,- ^i) 


Let <p = <pi — <p» 
EJ[„ 

p = — 2 — cos p - 


EnJ„ 

—5 -COS p - 



COS (2 (at — [v>« -1- <p^) 
[cos i<Pe + (pi) cos2w« 


(4) 

(5) 


monic. Otherwise, pulsation of power that corresponds 
to dissipated energy can no longer be separated from the 
pulsation due to energy stored. 

In equations (7) and (8), -g EnJm cos <p and Emlm 

sin <p are coordinate insofar as they are the coefficients 
of two arbitrarily chosen components of the pulsation 

of power. On the other hand, Emim cos p as a mea¬ 
sure of the average value of power has no corresponding 
term in sin (p in the power equation. 

We may assume a quantity ^ EJLm sin (p analogous 


Hp. = 0 


+ sin (<p, + (pi) sin 2(at] (6) 


Emim EmIm , „ ^ 

p = — 2 — COS (p — —2— ^ 


Is = 0 


-t-sin ^ sin 2w0 (7) 


Emim Enlm , n . 

p = — 2 — <^os (p — — 2 — ^ 


From equation (5) if p, = — 


— sinpsin2«f) (8) 


Emin 


P = 


cosp — 


Emim 


COS 2(at 


El (cos ^ - cos 2 (at) 


(9) 

(9a) 


of the cosine term of power pulsation is the same as the 
first term of the equation, i.e., the value of average 
power. As is also riue in equation (6), the sum of the 
square of the coefficient of the double frequency sine 
term and the square of the coefficient of the double 
frequency cosine term is (Em*Jm®)/4 or inrms quantities 
E^P. 

As indicated by these several equations, the content 
of the components that are due to the pulsation of 
energy is dependent on the choice of time origin. It is 
only whaa the time origin happens to coindde with the 
time when either tibe current or voltage wave passes 
through zero value that the terms in the power equation 
correspond to, and entirely separate, enargy dissipation 
and energy surging; but the first term always gives 
average power. 

When the current and voltage waves contmn har¬ 
monics, the average power is the sum of the averages of 
the power contributed by the harmonics individually, 
i. e., in the average power, there are no terms due to the 
product of components of different frequency although 
such products must occur in the equation for the 
instantaneous power. So, if we would express the surg¬ 
ing of energy due to the harmonies separately, we must 
in general choose a different time origin for each har- 


to^ Emim cos (p. This is a quantity such that its 

square when added to the square of the average power 
gives a quantity in Em and independent of the phase 
angle <p. In rms quantities, we have (E^P cos* (p 
+ E^P sin® (p)^ = El. 

Using now rms quantities, El cos (p has a real ex¬ 
istence in the circuit in that it can manifest itself as a 
measure of the reaction between simultaneously occur¬ 
ring fields, the one due to the current in the circuit and 
the other produced by a current proportional to the 
electromotive force. 

In contrast, El sin ^ may be looked upon as involv¬ 
ing the concept of memory or prediction, i.e., memory 
+ or — depending on the viewpoint.* To be more 
specific: El sin <p is the average value of products of 
instantaneous values of current each multiplied by that 
value of voltage that existed in the circuit 1/4 cycle 
earlier. In a 60-eycle circuit, each instantaneous cur¬ 
rent value must be multiplied by tibe value of voltage 
that existed 1/240 sec earlier. If the current and voltage 
waves contain harmonics, each harmonic must be con¬ 
sidered separatdy, i.e., the instantaneous values of 
fundamental frequency current must be multiplied by 
the value of fundamental frequency voltage that ex¬ 
isted 1/4 cycle earlier. 'Each instantaneous value of 
third harmonic current must be multiplied by the value 
of third harmonic voltage that occurred 1/12 of a 
fundamental cycle earlie:, etc. In a 60-cycle circuit 
contmrdng fifth and seventh harmonics, products of 
pairs of quantities separated in time by intervals of 
1/240, 1/1,200, and 1/1,680 sec, respectively, must be 
secured. Herein doubtless lies the practical difficulty 
of realizing a theoretically correct procedure in tiie 
measurement of reactive volt-amperes or reactive volt- 
ampere-hours, for mechanisms that in effect have dis- 

"'It is very desirable that a convention in regard to sign should 
be adopted. It is convenient usually to assume inductive re¬ 
active volt-ampere to be negative. Reasons for this convention, 
discussed from the geometrical viewpoint, are briefly given in 
Appendix II. 
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criminating memories, or something equivalent must be 
arranged to multiply, sum, and average quantities that 
have no simultaneous existence. 

It may be pointed out that each instantaneous 
product that goes to detennine El sin <p is related 
simply by the numerical ratio tan (p with the cor¬ 
responding element which determines El cos <p. How¬ 
ever, <p cannot have a valid meaning unless intervals of 
time sufficient to estsiblish a definite pei'iodicity can be 
taken into account which brings us again to the history, 
i.e., memory of what has been happening in the circuit. 

In contrast, p — d is the instantaneous value of the 
power whatever functions of time may represent e and i. 
In a-c measurements, we are most frequently interested 
in average power, i.e., power averaged over an integral 
number of half cycles or over a time so long that the 
variation of power within a single half cycle may be 
neglected. 

The relation cos <(P = - sin tp suggests a possible 

approach, but the quantities, current and voltage, are 
sine functions of time and therefore their derivatives 
with respect to time (which could easily be made use of 
in a measuring device) are proportional to frequency, 
while El sin <p is independent of frequency. Indeed if 
the frequency can be assumed to be constant and the 
current or voltage wave simply sinusoidal, we may use 
the derivative of the voltage (represented by the current 
flowing in a highly inductive derived [capacitive] cir¬ 
cuit) to excite the potential circuit of an otherwise, 
standard wattmeter, and thereby secure a measurement 
of reactive volt-amperes. Harmonics, however, are 
represented in the reading of such an instrument as 3, 
5, 7, etc., times their real contribution, or if inductive 
reactance be used, but 1/3,1/5,1/7, etc., of their proper 
values appear. 

In a symmetrical polyphase circuit where the voltages 
or currents are simple sinusoidal functions of the time, 
the simplest way to get a cosine function voltage for the 
measurement of reactive volt-amperes, to replace the 
sine function voltage used in the measurement of power, 
is by cross connections or cross transformations of the 
polyphase voltages. 

If the voltages are not symmetrical or at least if they 
do not maintain permanently an exact relation, properly 
displaced currents to represent the desired voltages may 
be obtained by the use of resistances together with 
capacitances as principal components of the voltage 
circuits of induction meters or by the use of reactive 
coils in the voltage circuits of electrodynamic types of 
meters or indicating in.struments. This arrangement is 
equally applicable to single phase circuits and has the 
advantage that for a definite frequency the potential 
circuit current is entirely independent of any variations 
that may occur in the relations of voltage or phase of 
the polyphase circuit as a whole. It has the dis¬ 


advantage that currents flowing in these circuits instead 
of varying inversely with the frequency as they should 
in the induction meter, or of remaining independent of 
frequency as they should in the electrodynamic types 
of apparatus, follow laws which cause errors propor¬ 
tional to the changes of frequency to appear. The 
corresponding energy and power meters give readings 
only slightly, or practically not at all, influenced by 
change of frequency. 

When only small changes of frequency are involved, 
it is possible to effect almost perfect frequency com¬ 
pensation by using capacitive and inductive circuits in 
parallel, but if irregularities of wave form are present, 
serious errors may be made to appear by frequency 
compensations of this general type. 

Another procedure that has much to recommend it 
is to introduce phase displacements in both current and 
voltage circuits; for instance, a 4.5-deg advance in the 
one and a 45-deg retardation in the other. To do this 
successfully requires great care in design for, in genial, 
current circuits must be suitable for wide ra.nges of 
current; this requires that any reactances used in the 
current circuits shall have characteristics almost wholly 
uninfluenced by any iron that may be u.sed. 

In the discussion that ha.s been given so far, the 
difficulties connected with irregular wave forms have 
been mentioned only incidentally. It is probably true 
that the occurrence of kirge errors in the measurement 
of reactive volt-amperes or reactive volt-ampere-hours 
by reason of complex wave form is infrequent, ff'his is 
because the simultaneous occurrence of greatly dis¬ 
torted current and voltage waves is unusual. 

If we are dealing with a polyphase circuit and make 
use of cross-phase connections to secure the displac^ 
phase of voltage for reactive measurement, we find this 
condition: Assjuming the voltage source so chosen that 
the fundamental is 90 deg behind that of the corre¬ 
sponding voltage u.sed for power measurement, the third 
harmonic voltage will be displaced 3 x 90 deg backward, 
which is equivalent to 90 deg ahead, the 5th 90 deg 
behind, the 7th 90 deg ahead and so on. If there is any 
reactive volt-ampereage due to these harmonics, the 
amount due to the 5th, 9th, etc., will be properly added, 
while that due to the 3rd, 7th, 11th, etc., will be sub¬ 
tracted when it should be added. 

If a 10 per cent seventh harmonic voltage were ac¬ 
companied by a 90-deg displaced current of 5 per cent, 
the incorrect sign that would be given to the seventh 
harmonic contribution in the reactive volt-amperes 
would result in a 1 per cent en-or. But a 10 per cent 
harmonic in voltage is not met in modem generators. 
Even a large harmonic of current unless accompanied 
by an appreciable voltage of the same frequency 
contributes nothing to either the average power or to 
polyphase reactive volt-amperes, although they do 
contribute to the volt-amperes as measured in single¬ 
phase circuits. 

If the voltages of the polyphase circuit are unbalanced 
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or if we are concerned with single-phase measurement, 
the cross-phase arrangement for securing displaced 
phase excitation for the voltage circuits of meters or 
instruments is unsuitable or impossible. If the fre¬ 
quency is constant, recourse may be had to the use of 
altered potential circuits as already discvissed. The 
substitution of resistances, or resistances and capacities, 
for reactances in the potential circuits of induction 
meters tends to exaggerate the contribution of the har- 
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Fig. 1—Circuits or One Form op Reactive Volt-Ampere- 
Hour Meter and Associated Vector Relations at Frb- 
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monies; the substitution of reactance for resistance in 
the potential circuit of an indicating instrument tends 
to minimize their effect. The reasons may readily be 
seen: In the induction meter the voltage circuit excita¬ 
tion should vary inversely as the frequency so that the 
eddy current strength may remain independent of fre¬ 
quency, but with the equivalent of a non-inductive cir¬ 
cuit, the current in such a potential circuit will be inde¬ 
pendent of frequency and a seventh harmonic eddy 
current, for instance, would be seven times too large. 
If, however, the seventh harmonic of current is small, 
the error might be unimportant. 

In the indicating instrument with an inductive po- 
t^tial circuit, components due to the harmonics become 
proportionately too small, i.e., instead of being inde¬ 
pendent of the frequency, they are inversely pro¬ 
portional thereto. 

It is possible to imagine brandied circuits, each 
branch resonant to a particular harmonic, the whole 
proportioned to give substantially correct current values 
for each of the harmonics at a chosen frequency, but the 
phase relations would be completely unstable and so the 
arrangement appears unusable. 

If the potential dreuit of an induction meter is made 
up of non-inductive resistance in series with the 
customary inductive resistance and the current circuit, 
supplemented with additional inductance if necessary, 
is shunted by a non-inductive resistance, (Figs. 1 and 2) 
the various values of these circuit elements may be so 
chosen that the difference between the displacements of 
the currents in the potential and current circuits be¬ 
comes zero instead of the customary 90 deg. This rela¬ 
tion if true for any selected frequency is true for all 
frequencies when the inductive branch is pure 
inductance. 


If at fundamental frequency, the displacement of the 
currents which represent voltage and current are each 
45 deg from the voltage and current respectively, the 
harmonic components of the reactive volt-amperes will 

be recorded in the ratio-to their proper value 

n + — 
n 

where n is the order of the harmonic, i.e., they will be 
greatly underrecorded. If, however, the 46 deg rela¬ 
tion is made to hold at double normal frequency or at 
triple frequency, tiie harmonics will be recorded in ratio 
to correct values as follows: 


Harmonic...6 ..7 ..9 ..11 ..13 

45° adjustment at double 

flj^OQuency.1. .1.13. ,0.86. .0.66. .0.63.. 0.44.. 0.33 

45° adjustment at triple? 

frequency.1. .2.50. .1.47. .1.21. .1.00.. 0.85.. 0.73 

If low frequency harmonics are prominent, the double 
frequency adjustment may well be chosen. If harmonics 
of consequence in the range 7th to 13th are present, the 
triple frequency adjustment should be considered. Cir¬ 
cuit arr angem ents just discussed involve losses in the 
meter much higher than those in the ordinary forms of 
induction meter, yet there are probably conditions 
where they would be advantageous. 



Fig. 2—Impedance op Potential Circuit (Left) and 
Admittance op Current Circuit (Right) op the Meter op 
Fig. 1, at Frequency nN Relative to Values at Frequency V 
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The general absence of important harmonics in the 
voltage waves of commercial circuits, the approximate 
balance of their voltages, and the very great convenience 
of malring use of r^ularly listed ti^es of meters dic¬ 
tates the choice of regular watthour metere to be con¬ 
nected in circuit with suitable transformers for cross¬ 
phase connection for securing 90-deg phase displacement, 
as the most practical means of measuring reactive kva 
except in exceptional drcumstances. 
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In the measurement of energy in a three-phase or 
analogous circuits using double-element meters, when 
the power factor is low, we encounter the condition of 
two relatively large torques opposing each other in the 
meter so that the balance between meter elements be¬ 
comes of great importance. Similarly, in reactive 
measm'ement when the power factor is high, balance of 
elements is of primary importance. Three-element 
meters do not suffer from such limitations. 

A foiTn of measurement in which a composite quantity 
is secured, namely, a X watts -f- 6 X reactive volt- 
amperes can be effected by exciting the potential circuit 
of a wattmeter at a phase intermediate between that of 
the voltage and 90 deg therefrom. The phase once 
chosen and established by the proportion of resistance 
to reactance in the potential circuit, or otherwise, fixes 
the ratio of a to 6. The readings of the instrument are 
then a X watts + b X reactive volt-amperes, and this 
remains true irrespective of the power factor. Meters, 
similar to watthour meters, in which this quantity is 
integrated with respect to time have found considerable 
use on this continent. 

Analysis of alternating-current phenomena is almost 
wholly built upon the ideas that a fairly equivalent 
representation of what occurs can be had by consadering 
current, voltage, and power as simple sinusoidal quanti¬ 
ties with reference to time and that average rms values 
of these quantities are almost fundamental entities, at 
least in ordinary technical discussions. These ideas have 
lead to the conceptions of “appiment power,” “reactive 
voltamperes,” and “power factor,” all of which, but 
especially the bust, have so enmeshed themselves in 
general and specific discus.sions of technical and practi¬ 
cal alternating current problems that, at least in the 
author’s opinion, the true .significance of some of these 
more or less unreal quantities has become obscured; 
conceptions of reality have been built up around them 
that are the result of a free and easy use of terms that 
suggest and help to evaluate but very indirectly indicate 
what occurs. It is even possible that this has gone so 
far that fundamentally incorrect idea.s actually are dis¬ 
torting technical understanding and diverting effort 
into wrong channels. The author has the impresaon 
that reactive volt-amperage generally is regarded as a 
measure of the surging of energy in an alternating cur¬ 
rent circuit. The relation to the latter will be discussed 
further. 

The flow of power in an electric circuit may present 
itself in various ways depending on the character of the 
circuit. The flow may be continuously in one direction 
and at a constant rate as in a steadily loaded d-c circuit; 
it may be continuously in one direction but pulsating 
as in the case of a circuit having a non-uniform, uni¬ 
directional voltage of any form provided there is no 
storage of energy; it may have a constant average value 
when averaged over a sufficient interval of time as in 
the case of a steady alternating current; or it may be 
entirely irregular. 


Whenever the circuit contains inductance or ca¬ 
pacitance, with every change of current or voltage there 
is a change in the amount of energy stored in the system 
so that superposed on a more or less steady principal 
flow of energy there may be a surging of energy due to 
the increase and decrease of magnetic and of electric 
energy in the system. When the change of voltage is 
definitely periodic, this surging can be signalized as 
reactive volt-amperes and reactive volt-ampere-hours. 

With zero time chosen at random and with no other 
knowledge of the circuit than tl- at given by the measur¬ 
ing devices at the supply end, there can be no distinc¬ 
tion between energy stored in the circuit and energy 
transferred outside except when the voltage is definitely 
periodic. For example, at the supply end of a d-c cir¬ 
cuit, no distinction can be made between energy used to 
build up a magnetic field and energy consumed in the 
same interval to supply I-R losses. 
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In a single-phase a-c circuit or in each conductor of a 
polyphase a-c circuit, whenever there is storage of 
energy, the pulsation of power includas the reversal of 
the direction of flow of energy. This is a phenomenon 
that lends itself to exact and simple definition, for the 
quantities involved are the simultaneously occurring 
elements of current and voltage. No special interpreta¬ 
tion of the significance of harmonic inclusions is re- 
qxiired, for no assumption in regard to the type of 
periodicity need be made. 

If we rewrite equation (7) in the form 

p — - gQg ^ (1 — cos 2 0)0 + —sin tp sin 2 (at 

(10) 
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we observe that that portion of the power of which the 
coefficient is {E^m/2) sin <p can have negative as well as 
positive values. The last term is positive during each 
alternate one-fourth cycle and negative during the other 
one-foTirth cycles. However, taken by itself, this term 
gives no idea of the positive and negative flow of energy 
in the circuit except for the two limiting conditions, 
when (p is either 0 or ir/2. At intermediate values, the 
pulsation of positive power must be considered if we 
would evaluate separately the positive and negative 
flow of energy. 

At this point will be iniroduced a quotation from U.S. 
Patent No. 1,657,262 to Karapetofl, for which the appli¬ 
cation was filed Oct. 6,1923: 

“It is the primary object of my invention to provide a metering 
scheme for low power faetor loads which will be more readily 
understood by the average consumer and is based upon the 
assumption that any consumer whose installation causes out-of- 
phase current in the line is, in fact, a periodic borrower of elec¬ 
tric energy. During a part of the cycle he takes more energy 
than he needs, stores the excess in various magnetic fluxes in 
his apparatus, assuming the current to be la$%:ii^, and then re¬ 
turns it to the line during another part of the cycle. He is like 
a restaurant keeper who buys, say, one hundred pounds of meat 
in the morning and asks the butcW to take back twenty pounds 
in the evening.” 

In the early part of 1931, or just earlier, the author 
had tabulated much material corresponding to that 
which appears in the latter part of this paper. In the 
late summer of that year he had in view the securing 
of patfflits on certain instrument arrangements whrai 
the patent just mentioned (which was issued in 1928) 
was brought to his attention; thereupon further work 
on a proposed paper was discontinued. To round out 
this general discussion, the following observations seem 
to be in order. 

If an electrodjmamic wattmeter is connected to an 
a-c circuit with a half wave rectifier in series with its 
potential circuit, another in series with its current 
circuit, and a third connected in reverse polarity 
aroimd the current circuit of the instrument to insure 
continuity in the circuit as a whole, torque will- be 
devdoped in the instrument only during those periods 
in which current flows simultaneously in both of the 
instrument windings. Four situations are possibly to 
only one of which the instrument so connected will 
respond. A condition corresponding to each situation 
will occur at least once in every cycle as follows: 


waves are symmetrical, no interest would attach to a 
separation of (1) and (3), or (2) and (4), so (1) and (3) 
may be combined as a two-element electrodynamic 
instrument and similarly (2) and (4). Furthermore, 
with symmetrical waves, the ena-gy flow corresponding 
to (1) would equal the energy flow corresponding to (3) 
so a single element could suffice for measuring positive 
flow and a single element for measuring negative flow; 
that is, by multiplying by two the reading of one ele¬ 
ment, and discarding the other. 

Moreover, the algebraic sum of the indications of the 
four dments averaged over an integral nxunber of half 
cycles would give the same quantity as the reading of an 
ordinary indicating wattmeter, i.e., the arithmetical 
difference betweai the positive and negative flow, so an 
indicating wattmeter connected in the ordinary manner 
supplemented by another instrument connected to 
indicate as per (2) or (4) would give all the information 
necessary to evaluate average positive power, average 
power, and average negative power. Reactive volt- 
amperes, volt-amperes, and power faetor could be 
calculated from these readings if the power factor is 
constant and if the flow is sinusoidal. If the wave forms 
are complex, a self-defining relation between positive 
and n^ative flow of energy results. 

The distribution of energy flow in the several divisions 
can be obtained by integrating the power equation with 
respect to time between limits determined by the 
epochs corresponding to the reversals of voltage and 
current. This will be illustrated in its relation to 
sinusoidal waves. 

p = EIcosp—El cos <pcos2 (at—El &n<p^2 (at (11) 
W = pdt=EI cos (p‘t—Eleos(pdn2(at 

-f El sin <p cos 2 (at (12) 
Wi = [W]^ = El cos <p--^ El cos (p 

(a 

— El cos ^ sin 27r + El cos <p sin 2<p 


+ - 2 ^ ^ cos 2x — ^2^ ^ cos 2(p (13) 


1- 

2 , 

3. 

4. 


Voltage Current Power 

.-H.+ 

...-H.-.- 

. - . + 

.+.- 



El cos <p —- El cos <p 

1 . 1 
+ “ 2 ^ ^ ^ 2o) ^ 


If now, four electrodynamic instrument elements are 
connected in the single phase a-c circuit through recti¬ 
fiers as just indicated, each of the four power quantities 
may be measured separately. If the voltage and current 


1^1 

El cos <(> — - El cos (p +- El sin (p 

ZJS CO CO ^ 

(13b) 
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Wi + w. 


N 


El cos ^ — 


2<p 

CO 


El cos <p 


Average positive power 



£. 

T 


^ average power 


+ 


CO 


El sin <p (14) 


reactive volt-amperes 


W, + W, <p 

-- - = El cos <p — - El cos <p 

X TT 

“iv' 




T 


= EJ COS <p -|- (sin <p — <p cos <p) J 


W« = [W] “ 


(15a) 

<p 1 

- El COS <p — 's — El cos <p sin 2<p 

CO 2co 


+ -g-— El sin <p cos 2<p - El sin (p 


^11 
- El cos <p - El sin <p — El sin <p (16) 

CO A CO ^co 


1 ' 


<p 1 

- EIcos<p~ - El sin tp 

TT TT 


= El . 

TT 

(<p cos ^ — sin ^) 

(17) 

• W, + W2 

4- W, -1- Wi 


Average power = — — 

£ - til COS <p 


n" 

(18) 

Average negative power 



Average xjositive power 



<p cos <p— sin <p 

SSS . .. " ■ , • 

<p — tan (p 

(19) 


Average positive power = average power — average 

negative power 

Reactive volt-amperes = El sin (p 

Average negative power = El (<p cos <p - sin <p) 


<P 


' average power 


TT “ ■ 'IT 

reactive volt-amperes 
= —— (<p average power — re¬ 


active volt-amperes) 


=-[(■JT—^) average powa- -+- reactive volt-amperes] 


TABLE I 


1 

2 3 4 

sin tp cos tp tp cos tp 

5 

sin tp 
— tp cos tp 

6 

1 

(sin tp 

— tp cos tp) 

7 

1 

cosy? 

(sin tp —tp cos tp) 

0®. 

..0.000..1.000..0,000., 

.0.000... 

...0.000 ... 

.1.000 

10", 

..0.174,.0.986..0.172., 

.,0,002... 

...0.0007... 

.0.986 

20", 

..0.342..0.940..0.328. 

..0.014... 

...0.0043... 

.0.944 

30", 

..0.600..0.866..0.463. 

..0.047... 

...0,0150... 

.0.881 

40", 

..0.643..0.766..0,635. 

.,0.108... 

...0.0347... 

.0.801 

50", 

..0.766..0.643..0.661. 

.,0.206... 

...0.0663... 

.0.708 

60". 

..0.866..0.600..0.624. 

..0.342... 

...0.109 ... 

.0.609 

70". 

,.0.940..0.342.,0.418. 

..0.622... 

...0.167 ... 

.0.509 

80", 

..0.985..0.174..0.243. 

.,0.742... 

. ..0.237 ... 

.0.411 

00", 

..1.000..0.000, .0.000, 

..1.000... 

...0.318 ... 

.0.318 


Column 2 gives reactive factor. Column 3 gives power factor. 
Column 0 gives ratio of average negative power to volt-amperes. 
Colmun 7 gives ratio of average positive power to volt-amperes. 


Table I gives a good idea of the relative magnitudes 
of the quantities under discussion. It is suggested that 
average positive power (column 7) could very well form 
the basis for rate schedules. It would introduce sub¬ 
stantially no penalty for power factor for values of the 
latter above 90 per cent, only slight penalty at 80 per 
cent, about 22 per cent at 50 per cent power factor and 
at zero power factor the rate would be based on a 
quantity just under one-third of the volt-amperes. At 
60-deg phase displacranent, for each 100 units of net 
power consumed, 122 units are deliva:«d and 22 re¬ 
turned, yet the reactive volt-amperes are 173, the volt- 
amperes 200. 

Average positive power may be measured directly or 
by the arithmetic addition of average negative power to 
average power. If evaluated by the latter method, 
comparatively rough measurements of the negative 
contribution would suffice unless the power factor is 
habitually low; especially is this statement true if the 
power factor is generally fairly high. Similar state¬ 
ments may be made in regard to average positive energy 
flow, average energy flow and average negative energy 
flow. Whatever the character of imbalance or of 
wave form the measurement procedure just outlined 
leads to measurable quantities of an unambiguous 
nature that seem well suited to commercial use. N^a- 
tive power in its relations to positive powa* and average 
power represents a direct comparison of the actual 
activities in the circuit. 

By contrast, reactive volt-amperes is the measure of a 
quantity that does not appear in the circuit as such but 
is only the coefficient of an arbitrarily chosen com¬ 
ponent of power pulsation and has dimensions and 
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magnitude such that the equation H- S® = £7*1* is 
satisfied. (S = reactive volt-amperes. For complex 
waves S [W^i* -1- TFs* + • •. + 'S'l* H" + •••]< 

It is a sort of complementary quantity useful in calcu¬ 
lation. It connotes the defect that exists between actual 
and ideal utilization of the quantities of current and 
voltage appearing in the circuit. 

In what has been said, there is no intention to dis¬ 
parage the use of reactive volt-ampere measurements 
as a means of dete rmin ing kilovolt'-amperes in the 
measurement of demand. This last quantity (kva) 
undoubtedly has its field of usefulness. 


p = d = Emilmi sin ((at - (pi) sin {(at - 6i) 

+ Emilmi an (cat - (pi) sin (3«« — 6t) (22) 

-1- Emilms sin (cat — <pi) sin (Scat — ds) + ... 
-f EmsJmi mi (Beat - (pi) sin ((at - di) 

-I- Emsimimi(Z(at— (Pi) sin (B(at — 6t) + ... 
-f Emi Imi sin (5 wi — (pi) sin ((at — di) 

-b Emilmi sin (5(at — ^i) an (B(at — di) 

-f- Emilmi sin (5(at — (pi) sin (5(at — di) + ... 

_ —[eos ((pi — di) — cos ((pi -b di) cos 2 (at 


Conclusions 

1. Eeactive volt-amperes are not to be identified 
with the coefficient of the sine term in the equation for 
instantaneous power. 

2. Reactive volt-amperes is an assumed quantity, not 
a naturally occurring quantity. 

3. It is related to average power through the product 
of the rms values of current and voltage. 

4. Certain quantities having to do with the surging 
of real power have properties that commend further 
consid^ation from the viewpoint of commercial 
application. 

6. When the current and voltage waves are purely 
sinusoidal, the quantities ref^ed to in 4 have eaaly 
stated, though somewhat complicated, relationships to 
the more familiar quantities reactive volt-amperes, 
power factor, and reactive factor. When the wave 
forms are complex the relationships are very much 
involved. 
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Appendix I 

It is interesting to examine the power equation in a 
more general form. 

e = Emi sin ((at — (pi) + Emi tin (B(at — (pi) 

+ Emi sin (Scat — (pi) + .. . (20) 

i = Jmi sin (cat — di) -|- Imi tin (Scat — di) 

-b Imi tin (5c«j< — ds) + ... (21) 


E I 

—sin (^ 1 + di) tin2co<] -b—[cos (cpi— di) cos Scat 

— sin (^1 — di) tin 2ci)< — cos ((pi -b di) cos icat 

— sin (cpi -b di) tin 4c«)<] -b • . • 

-b [cos (cpi- di) cos 2 (at 

-b tin (^8— di) tin2£oi — cos (cpi -b di) cos4cof 

— tin (^8 + di) sin4c>><] 

-b —^^[cos(^s—0s)— cos(^8+08) cos Scat 

— tin («p8 + 03 ) tin 6aji] -b •.. 

-b ■ [cos (^6 — 0i) cos 4coi 


-b sin ((pi — di) tin 4a){ — cos (cpi + di) cos Scat 

— sin (^B + 0i) sin Scat] 

-b [coB(y 5 —08) cos 2a)i-btin (ept—di) tin Scat 

— cos (cpi -b di) cos Scat 


n ((pi -b 03 ) tin 8 wf] -b —”2 


— cos (cpi -b di) cos 10 wf 


-b .. . 

+ ... 


P = 


Emllmi 


cos (^1 - di) -b 


Emilmi 


COS (cpi — 0,) 


-b ^”^- -cos(yB- 05) + ... (23) 

It may be observed that but few terms are involved in 
the evaluation of average power, but in the pulsation 
and storage of energy, products involving the funda¬ 
mental and a large harmonic are of much more im¬ 
portance than those terms involving that harmonic 
alone. 
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With a purely resistance load, the resistance remain¬ 
ing constant through the cycle 

El Ez Ei 

T ” T “ ' X * “ etc* 

■11 Iz is 

In this case, many pairs of terms could be combined 
since SJa = E 3 I 1 , etc. 

Appendix II 

Sign for Reactive Volt-amperes 

The proper sign of reactive voltramperes caused by 
the presence of inductance in a circuit should emerge of 
itself from a consideration of the previously adopted 
conventions for fundamental quantities. These are: 

1 . The algebraic conventions for complex quantities 
and direction of rotation of time vectors. 

2. Definition of impedance as 

Z = R +jX 

where X is positive for an inductive reactance. 

From these two it follows that admittance Y is 

■i ■' 

Then power P may be expressed either as 


a current reference vector, this may freely be done by 
clearly speeif 3 dng the conventions substituted. 

6 . While theoretical reasons have been proposed to 
show why either one or the otho" of these conventions 
can logically be used, when these are examined carefully 
it does not appear that the argument on this basis can 
be made conclusive for either convention. 

Articles appearing in contmporary literature show 
a surprising difference in point of view from which the 
sign of inductive reactive power may be determined 
and about an equal division between those favoring a 
negative sign and those opposed to it. However, it is 
recognized by all that an arbitrary convention is de¬ 
sirable and, since one convention may be applied as 
easily as the other mathematically, that one should be 
chosen which clearly is more advantageous from a 
practical standpoint. 


Discussion 

REACTIVE POWER CONCEPTS IN NEED OF 
CLARIFICATION 

(Knowlton) 

REACTIVE AND FICTITIOUS POWER 

(Smith) 

POWER, REACTIVE VOLT-AMPERES POWER FACTOR 

(Fobtbscxjb) 


or 

P = PZ = PR+3PX 

depending upon whether the voltage E or the current I 
is used as the original reference axis. Thus the sign of 
inductive reactive volt-ampOTes correctly may have 
either a negative or a positive sign but, to avoid con¬ 
fusion, one sign should be established arbitrarily. 

The reasons which have led to the practice of plotting 
inductive reactive volt-amperes with a n^iative sign 
may be summarized as follows: 

1. Coimter-clockwise has been established as the 
positive direction of rotation for voltage, current, and 
other vector diagrams. 

2. The great preponderance of multiple distribution 
involves a prevailing preference for a voltage reference 
vector (in voltage-current diagrams). 

3. Since powers and reactive volt-ampa:es at equal 
voltages are proportional to the corresponding currents, 
it is desirable to have the corresponding diagrams 
recognizably similar, and the corresponding complex 
numbers with similar signs. 

4. With counter-clockwise rotation and a voltage 
ref^nce vector adopted, consistency requires that lead¬ 
ing quantities be represented as counter-clockwise and 
lagging quantities as clockwise relative to the reference 

vector. ^ ^ 

6 . In all cases in which convenience dictates alternar 

tives to the above arbitrary convention as, for example. 


OPERATING ASPECTS OP REACTIVE POWER 

(Johnson) 

REACTIVE POWER AND POWER FACTOR 

(Lyon) 

NOTES ON THE MEASUREMENT OF REACTIVE 
VOLT-AMPERES 

(Pbatt) 

L. A* Do^iettx The writer makes the following recommenda¬ 
tions: 

1. Consider^g the typical modem system, we agree on the 
assumption that there is but one type of reactive power, that 
associated with the storage and discharge of magnetic energy. On 
that basis a survey of the active and reactive power in the various 
parts of a system would yield a record somewhat as follows: 




Survey 



Recoiring Supplying 

Part 

Active 

power 

J^R 

Reactive Active 

power power 

Reactive 

power 

.. 


A synchronous motor either may receive or supply reactive 
power, thus defined. A static condenser always supplies reactive 
power. This recommendation is in agreement with the sugges¬ 
tions of Mr. J. A. Johnson. 

2. As to the sign to be attached to reactive power of the m^- 
netic type: consistency with the convention of counterclockwise 
rotation of vectors and with the conventions of polar coordinate 
analytical geometry calls for the negative sign in front of jQ, 
rAflMiv© Dower of the magnetic type. This is 
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developed at length on pages 29-31 of the writer’s “A-C Analysis 
by the PR-PX-r-Z Method.” (Edwards Brothers, Inc., 
Ann Arbor, Michigan, 1933.) 

3. Recommend for all cases, sinusoidal or otherwise that 
Jn sin be made the standard definition for reactive power 

for both single phase and polyphase eases. 

4. Recommend that in aU cases the apparent power be defined 
as 

\/s®n/«eos sin 

Tirhich is not always the same as the product of the voltmeter 
and ammeter readings. 

5. Recommend that power factor be defined as 

'ZEnIn cos Bn 
apparent power 

where apparent power is as defined in (4), 

Note: These definitions obviate the necessity of the terms 
“fictitious power,” “deforming power,” and “distortion power.” 

On the basis of the foregoing definitions the writer has worked 
out a fairly complete analysis of a wide range of alternating cur¬ 
rent problems; also a great deal of experimental work with non- 
sinusoidal cases, all of which have led to the adoption of these 
definitions. They have been incorporated in the booklet in the 
foregoing reference. The validity of the law of conservation of 



reactive power as well as the law of the conservation of active 
power has become so well established in the writer’s mind that 
it is applied here tentatively to the study of the mercury arc 
rectifier, with the results indicated in the following table. 


TABLE I 


Item 


PR 

PX 



,...891,2 ... 

...157.5 



_606.0 




_180,0« 


(4).. .Transformer 


_ 44.2 .. 

,... 28.0 

T KT 


_ 35.6 .. 

,... 28.0 

(6)... Transformer 

nr . 


_ 20.3 .. 

.. .. 28.0 

T T .... 


_ 20.3 .. 

.... 28.0 

. 


.... 3.0 


-hi AVI 



.... 4.0 

(7)... Output + lo.sses.... 


,...903.4 .. 

. ...U6.0* 


(IJ By wave analysis up to and including th.o 7th harmonic. 
S PR - 2 (Pi + + l*7)t also by wattmeter. 


r PX * 2 (Oi +08+06+ 07). 

(2) From osclUograms. ^ xx 4 . 

(3) From oscUlograms, vacuum tube voltmeter, and wattmeter. 

(4) PX from dfdl of (HLP). where L - the inductance of RN,LN, 

(5) p from oscillograms, 

♦Approximation In assuming L constant for all types of current values 
and shapes. 


These results were obtained by Mr. R. B. Tomlinson in con¬ 
nection with a Master’s Degree thesis at the Pennsylvania State 
CoUege. OscUlograms of all voltages aad currents were taken. 
Fig. 1 shows the location of the oscillograph current vibrators; 
the letters apply to Table I. 

To sum up, the writer believes from experience that restive 
power follows a law similar to the law for the conservation of 
energy. Professor C. D. Busila says that reactive power is not 
conserved in exchanges between circuits of different frequency, 
for example, between the rotor and the stator of the induction 

Fig. 2— Instantane¬ 
ous Values op Volts, 

Ampeebs, and Powbe 
POE A Phase Angle op 
Zb bo Dbgebbs Be- 
TWBBN Voltage and 
CUEKBNT. AvBBAGE 

Value op Power is 
Instantane¬ 
ous Power is Propor¬ 
tional to Instantane¬ 
ous Phase-Torque 

motor. With this statement the writer is not in agreement. 
This opinion is based on the, erroneous assumption that the re¬ 
actances of stator and rotor are separate entities. As a matter 
of fact, as brought out in Still’s “Elements of Electrical Machine 
Design,” 1932 Edition, pages 473-478, the reactance of an induc¬ 
tion motor is 95 per cent or more associated with the stator. In 
the past it has been customary for convenience in transformer 
. treatments of induction motors to spUt the reactance equally 
between stator and rotor. 

Frank W. Oodsey, Jr.: The half-formed idea in the minds of 
some operators that reactive power is a fictitious quantity repre¬ 
senting a mathematical convenience is in error. Harmonic 
power fluctuations in single-phase circuits are increased with 
increases in phase displacement between current and voltage. 
With a fixed load, the demand upon flywheel and governor of the 
prime mover rises with increases in phase angle in order to main¬ 
tain stability of operation. Maximum mechanical forces on 
windings, supports, and insulation rise; and supersynchronous 


Fig. 3— Instantane¬ 
ous Values op Volts, 

Amperes, and Power 
FOR A Phase Angle op 
45 Degrees Between 
Voltage and Current. 

Average Value of 
Power is 

Instantaneous Power 
IS Proportional to In¬ 
stantaneous Phasb- 
Toequb 

torque variations in shafts and couplings increase, resulting in 
changes in load on bearings and fittings. (See Pigs. 2 and 3.) 

Assuming a superposition principle and obtaining total volt- 
amperes through a summation of the products of individual fre¬ 
quency components of the voltage multiplied by their respective 
current components, a true power factor as at present defined 
would be obtained by dividing power by total voltamperes. 
However, the only readily available measuring instruments give 
true power, effective volts, and effective amperes. Where only 
the current for instance, has harmonics as in a non-linear .re- 
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sistauco load, tUo power factor may bo imity. And yet as calcu¬ 
lated from power factor == P/^/, the result always will be less 
tliau imity* Therefore, the old conception of power factor is too 
ponderous to use except in the special case of sine wave voltage 
and current. 

It has been suggested that a distortion factor he applied in 
current, voltage, and power fact(»r measurements to make possi¬ 
ble a nHuiuciliation with reatsiive power measurements. This 
jigaia is a .sul>ieirfugo tliat is applicable only in a si)ecifio case 
and under fixed conditions. A distortion factor is an added 
complieutiun to an already confused situation. 

Reactive powm* in single-phase circuits is readily measured 
with met(?rs ordinarily available, and since the voltiigo waves in 
most inrcuits are very close to sine waves, the measured reactive 
power will not include any terms due to current harmonics as 
theses will cancel out over a coinpleto cycle. Therefore, the writer 
suggests that the term reactive power in single-phase circuits 
refer only to the fundamental fretiuency component of the re- 
aotiv(» power, and that when both current and voltage waves have 
harmonics that tlm total reactive power component he called the 
total reactive power. 

It appears that most of tlu» <liniculiy in evaluating power 
factor lic^s in 1h(! attcmipt to carry over int<i the non-shuisoidal 
circuit the convenient relations existing in the special casei of 
sinusoidal voltage and current waves. Since there can ho no 
recomnliatiun betwinm n^active power, true power, and power 
factor except, in s])tKual (uises, the obvious remedy is to abandon 
any attempt mak(» such a reconciliation. 

Station ofierators dispatc^h real powi^r ami nuictivi^ power over 
a system, not. powi^r fact«>r. The power salesman is very much 
interesU‘d in power factor because of tho larger investment in 
operating idaiit required for low power factor loads and mercased 
opc^rating losses incidental to that condition; therefore power 
rates should be and are higlw^r for low powi^r fiMJtor loads. Tho 
user of pow<.»r is iuteri^siiHl in power ffM*ior for the same reasons 
as the jmwc'r suU^sinan, and has an incentive to watch load charac- 
teri.sti<?M in or<ler to take advantage of a lowisr rate. 

Therefore, it appears that the only individuals interested in 
powder faci^tor calculal.ions are the men who adjust power rates. 
Why not tlu^n, as refiirred to in Mr. Knowlton’s review of tho 
Huhjt^ci, banish power factor from the aeadeinic cinsle and change 
its (hdlnitiou in such a way that it fulHlU all of tho requirements 
of the rale adjusters without attempting to serve a post on the 
technical and operating staff? Keac.tive power and real power 
fill all ilw? nHiuirernents of the mathematician and operator, and 
FourifT serh's de.scriheH non-sinusoidal voltages and currents 
accuraUdy. 

A reasonable solution would he to multiply the effective value 
of current by the efre(itive value of voltage to obtain the maxi¬ 
mum dcunand for plant investment. Dividing the real power 
measured in tluj (dreuit by this product would give a power 
faoU)r P/Erfj^L/f, which is a real measure of the customer’s 
utilissatiun of tlic operating plant demanded by his load. It has 
no signidcanc.e with rnspe.cl. to reactive power except in special 
ca.ses. and is not intended for any us(i except the evaluation of the 
utilization efilcieucy of a power consumer with respect to the 
op^'rating plant required to supply thi^ load. It is independent of 

"‘distortion bwjtors** and reactive power measurements, bxit it is 

accurate in evaluaiing required plant iiiv<^stmcut and operating 
losses, 

doing now to the case of polyphase systems, we find that for 
the balanced .system with sine wave voltages and currents, tho 
same conditions apply as in the single-phase case. Again, the 
writer suggests that react ive power refer only to the fundamental 
frequency component of thi? out-of-phase power; this is the value 
usually measured by rkva ineteas since voltage waves seldom 
have largo luirtmmic.s. Let the entire out-of-phase component 
be known as the total reactive power as in tho single-phase case, 


if a further description of a particular case is necessary, oscillo¬ 
grams must furnish it in almost every instance. 

In calculating average power factor for a polyphase system, 
effective phase voltages should be multiplied by effective phase 
currents of the same frequency and the products added to obtain 
total kilovoltampere required of the generating plant. Dividing 
tho total measured power by this sum gives power factor, which 
has no mathematical significance, but accurately expresses the 
plant utilization efficiency of the load and is a measmre of line 
losses. In most industrial loads the voltage supplied by the 
power company is close enough to a sine wave that through the 
geometry of the circuit phase voltages are known after a few 
simple calculations. 

The problem of metering such circuits is relatively simple 
since effective values of current and voltage are to be measured. 
Efficient thermo-couple instruments are available which wiU give 
correct results, and rectifier type meters may be used in the 
majority of cases to measure kilovoltampere without serious 
error. In the average polyphase system, it is sufficient to totalize 
all effective currents either in a thermal element, rectifier outputs, 
or some similar method, and the potential coil of the kilovolt¬ 
ampere meter is supplied throiigh a rectifier in a suitable voltage 
phase to measure kilovoltampere. 

Suggested changes are tabulated as follows: 

SINGLE PHASE 

Kcttiotlvo power—Fimdamontal frequency component of the out-of-phase 
power component. 

Total reactive power—Total out-of«phaso power component ineduding 
the fundamental. 

Power factoi'—Power divided by the product of effective volts by effec¬ 
tive amperes, with no relation to reactive power except in special cases. 

POLYPHASE 

Ileactivo power—Sum of fundamental frequency components of out-of- 
pliaso power components for all phases. 

Total reactive power—Sum of total out-of-phase power components in¬ 
cluding the fimdamentals for all phases. 

Power factor-—Total power divided by tho sum of tho individual products 
for tho several phases of effective phase voltages by effective phase currents 
n^pectlvoly, with no mathematical slgniflcwice with respect to reactive 
power except In special cases. 


El 



V. Karapetoffi This discussion considers the problem of 
power factor from a purely practical point of view, namely that 
of feasible measurements in unbalanced polyphase industrial 
circuits. Any definition of power factor that cannot be realized 
with fairly simple practical measuring instruments wiU remain a 
dead letter; on the other hand, a definition that may not be quite 
rigorous theoretically may prove to be of great practical useful¬ 
ness if the corresponding measurements are simple and can readily 
be understood by the average operating engineer. 

To illustrate this proposal by a concrete example, consider a 
large tliree-phase arc furnace with the currents in the three phases 
not balanced and containing appreciable higher harmonics. Also 
assume for the sake of generality that the terminal voltages ^ 
somewhat distorted in magnitude and phase and are not quite 
sinusoidal. The neutral point will be assumed to be not accessi¬ 
ble. Let a clause in the contract with the operating company 
prescribe a graduated penalty for low power factor. The ques¬ 
tion is to determine the average value of the power factor for a 
day, a melting cycle, a month, etc. 
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For a contrast, consider also a simple single-phase laboratory 
circuit consisting of a constant resistance and constant induc¬ 
tance in series and connected to a strictly sinusoidal source of 
voltage of constant magnitude and frequency. Let the nature 
of the circuit apparatus be such that the current also is strictly 
sinusoidal. The power relations are represented by the familiar 
triangle in Fig. 4, in which, by a commonly accepted definition, 
the power factor is equal to the cosine of the angle <f>. This 
triangle may be constructed by performing one of the following 
6 sets of measurements: 

(1) ^,7, andP (4) <^, .E,andJ 

(2) jE?,7,andPr (5) and P 

(3) P and Pr (6) ^ aJid Pr 

In this table E is the effective value of the terminal voltage, 
U'S read on a voltmeter, 7 is the effective value of the current 
read on an ammeter, and P is the average power read on an indi^ 
eating wattmeter. Pr is the so-called reactive power, read on the 
same wattmeter with the current in its potential winding 
“quadratured,** that is, displaced by 90 degrees from its phase 
when measuring P. Reactive-power meters are used in practice, 
and methods for quadraturing the shunted current are well 
known. The angle is determined by means of a power-factor 
meter, of which there are several types on the market. The 
table simply gives the 6 ways in which the right-angle triangle in 
Fig. 4 may be constructed, knowing 2 of its parts. Assuming 
the instruments and the readings to be accurate, the eame tri¬ 
angle will be obtained from any of the 6 combinations of data, 
and the theory involved is well understood by most operating 
engineers. 

An irregular polyphase circuit, such as that of the above- 
mentioned arc furnace, has no intrinsic or scientific power factor. 
If for some practical reasons it seems desirable to introduce such 
a concept, it must largely be a matter of definition and agree¬ 
ment. Of course, the definition must be such that for a balanced 
sinusoidal n-phase circuit this definition will agree with that in 
Fig. 4, because such a symmetrical circuit, may be split into n 
independent identical single-phase oirouita. Moreover, the 
practical requirement of averaging values over an appreciable 
interval of time, and sometimes of measuring the maximum de¬ 
mand as well, makes the use of integrating instruments manda¬ 
tory. 

Let us therefore consider again the foregoing table of 6 sets of 
measurements and ask ourselves which of these could be general¬ 
ized for use with an arc furnace by means of integrating instru¬ 
ments. It will be seen at once that all the combinations involving 
E, I QT (f) are less suitable or desirable, partly because of lack of 
proper instaruments, and partly because we do not know what 
the “total volt-amperes” might be in such a circuit with higher 
harmonics and with an inaccessible neutral. This leaves the 
combination (3), with P and Pr to be measured by watt-hour 
meters. Measurement of P is standard in practically every 
installation, leaving only the question of Pr to be considered. 

It is proposed for the purposes of defining and computing the 
value of the power factor on an unbalanced polyphase circuit, 
even with non-sinusoidal currents and voltages, that the reactive 
power or energy be defined as the reading of a polyphase watt¬ 
meter or watt-hour meter with its potential windings quadra- 
turedl By quadraturing in this case is meant providing such 
connections that the shunt currents actually would be shifted by 
90 degrees in phase when the applied phase voltages become 
balanced. With unbalanced and unsymmetrical voltages the 
actual shift in phase may be different from 90 degrees. This, 
however, is foreseen in the above definition, the actual reading 
of the meter under such conditions being meant, without any 
change in connections or other compensation. With P and Pr 
reading directly on two integrating watt-hour meters, the triangle 
in Pig. 4 becomes determined, thus making it possible to compute 


the “equivalent” values of the angle 0 and the total volt-amperes 
B7. The simple practical procedure would be to determine tan 
(j) = Pr/P, and to find the corresponding cos <l> from trigonomet¬ 
ric tables, without constructing the triangle. For various prac¬ 
tical methods of quadraturing meters see, for example, the 
writer’s “Experimental Electrical Engineering,” Third Edition, 
Vol. II, pp. 139-143. 

The foregoing solution of the problem* may be called an 
asymptotic solution in that the value of the power factor, so 
determined, asymptotically approaches the recognized scientific 
value as the polyphase circuit in question becomes more balanced 
and the currents and the voltages more nearly sinusoidal. The 
method involves no new instruments or connections and no new 
theory, and simply is based on an agreement to continue to call 
the readings of a reactive volt-ampere meter “reactive power,’ 
even when the circuit becomes unbalanced and the currents and 
the voltages contain higher harmonics. Of course, on such cir¬ 
cuits types of meters should preferably be used which give fairly 
accurate values of true power even with appreciable higher har¬ 
monics in the currents and the voltages. It is believed that the 
best meters now on the market satisfy this requirement within 
reasonable limits. 

While offering the foregoing solution of the problem so long 
as the profession and the industry desire to retain the concept 
of power factor, even on complicated unbalanced polyphase 
circuits, for characterizing such circuits and determining energy 
rates and penalties, the writer believes that such circuits should 
be characterized by more than one factor. The degree of un¬ 
balance for real power, for reactive power, and for phase cur¬ 
rents, the various peak demands, distortion of the terminal 
voltages, higher harmonics in the currents—all of these are 
separate “misdemeanors” and should be penalized individually. 
A separate measurement of true and reactive power of positive 
and negative sequence (four meters with maximum-demand 
attachments) would be a step in the right direction and would 
enable the consumer to analyze the conditions in his plant and 
possibly to improve them. A somewhat different solution for 
unbalanced circuits, based upon the concept of “circulatmg 
power,” has been developed by the author and described in the 
U. S. Patent 1,566,879, of December 22,1925. 

R. D. Evanss Several of the papers have discussed the sign 
to be associated with inductive reactive volt-amperes. The 
most rational choice, in the writer’s opinion, is to associate the 
sign for the flow of reactive volt-amperes with the sign for the 
flow of real power, as pointed out by Mr. Johnson in his paper. 
It generally is accepted that the positive sense of power flow is 
from the generator to the resistive load; similarly, for reactive 
volt-amperes the above convention gives for the normal positive 
flow of inductive reactive volt-amperes from the (over-excited 
generator) to the inductive load. It is felt that there is a very 
decided advantage in using the same positive sense of current 
flow for both power and inductive reactive volt-amperes. From 
this point of view, the user of electrio service may be charged for 
power at one rate and reactive volt-amperes (inductive) at another 
rate. If the opposite convention were employed, it would be 
necessary to charge the user for the inductive reactive volt- 
amperes which he supplies to the system. 

The above convention as to reactive volt-amperes also corre¬ 
sponds to the signs commonly associated with magnetic energy. 
There also is some use of an expression giving the difference of 
inductive and capacitance stored energy with the positive sign 
corresponding to inductive reactive volt-amperes. Another form 
that this argument takes is that power is equal to RP and, there¬ 
fore, reactive volt-amperes is XP and since R -j-JX is the ac¬ 
cepted convention for impedance (iS jX)P should represent 
both dissipative power and reactive volt-amperes. The inverse 
proposition of representing power as {G -h jB)E^ is held to be of 
no moment because impedance is an accepted convention and 
admittance is a derived quantity and defined as the reciprocal 
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of impedance in the latest rides of the American Standards 
Association. 

Doctor Portescue in his paper has employed vectors to repre¬ 
sent the instantaneous values of total power, dissipative power, 
and energy flow in reactive elements of the circuit and these 
quantities, of course, also give average values of volt-amperes, 
power and reactive volt-amperes. He also points out how the 
instantaneous time variation in these quantities is represented 
correctly for the series circuit. While the relative time variation 
of these quantities varies with the type of network under con¬ 
sideration, yet these circuits may be represented, in so far as the 
power supply is concerned, by means of the equivalent circuit in 
the series form. In view of the fact that most circmts are of the 
series form in which the dissipative power reaches its maximum 
ahead of the instant of maximum stored energy, it is felt that 
Doctor Portescue has introduced an additional reason for plotting 
power diagrams in the form P + iQ for an inductive resistance 
load circuit. 

In favor of the opposite convention, there appears to be essen¬ 
tially only one argument, that of the convenience in ^sociating 
ifLgg^ n g current and lagging reactive volt-amperes. It is believed 
that this association is unfortunate as it does not cowespond with 
the physical facts involved in the flow of energy in the simple 
series circuit involving resistance and inductive reactance. It is 
suggested that instead of the association of lagging current with 
lagging reactive volt-amperes, it is preferable to consider the 
sign of the flow of inductive reactive volt-amperes the same as 
for the flow of real power, which appears to be a simpler relation 
than one which seems to be of somewhat more fundamental 
nature. 

J. J. Smiths In dealing with the subject of apparent power. 
Professors Lyon and Smith give a satisfactory definition for the 
single-phase case where the apparent power becomes the product 
of the voltage across the circuit and the current in the circuit. 
It then is shown that the apparent power can be divided into 
three components which may be identified as real power P, re¬ 
active power Pry and distortion power Fd- This definition of 
apparent power may readily be extended to the case of a balanced 
polyphase system by writing it in the form apparent power 
= pPnI 
where 

Pn is the voltage from each line to neutral 

J is the cuirent in each line 

p is the number of-phases 

This extension involves recognizing a balanced polyphase circuit 
as made up of p single-phase circuits. 

> When the polyphase circuit is unbalanced, a now factor arises, 
which has to be taken care of. The definition suggested in both 
of these papers for apparent power (the maximum power ob¬ 
tainable when the phases and wave forms of the ciirrents and 
voltages are varied in every possible manner consistent with 
Kirchhoff’s law, the effective values remaining constant) suffers 
from a number of disadvantages. The detoition may involve 
very complicated equations in finding out what the maxinium 
power is; also the solution may require physically impossible 
circuits. For example, even in the simple-looking case illustrated 
in Fig. 2 of Professor Lyon’s paper it will be found that in order 
to determine the value of R given in Pig. 2b it is necessary to 
solve two simultaneous equations in R, one of which is of the 
4th order and the other of the 8th order; furthermore, one of 
these resistances comes out negative. Such drawbacks compli¬ 
cate the practical use of the defimtion. 

From the standpoint of application, it therefore seems neces¬ 
sary to have a more practical definition. All commercial circuits 
primarily are designed to be balanced systems, and thus un¬ 
balanced voltages or currents mean that the supply system is 
not being utilized in the most effective manner. A defimte single 
value can be taken for the voltages since they are fairly well 
balanced in most cases. In the case of the currents, there does 


not seem to be a logical reason why, in varying their phase and 
wave form to find the maximum power, the magnitudes of the 
currents in the lines should not also be varied, subject to the 
condition that the current in any line should not exceed the 
current in the line which is a maximum under the given condition 
of operation. This leads to a definition of apparent power which 
is based upon equal effective currents in all the lines and may be 
stated as follows: 

Maximum apparent power =« mcx I max 

where 

p is the number of phases 

Bn max is the maximum rms voltage from any line to neutral, 
corresponding to the maximum phase-to-phase rms 
voltage in a balanced system 

and 

I max is the maximum rms current in any one line. 

This definition has the advantage that the quantities involved, 
namely voltage and current, are directly measurable and the 
result may immediately be obtained from the product of these 
quantities. It also cannot give rise to impossible circuits con¬ 
taining negative resistance, etc. 

Doctor F. B. Silsbee proposed a similar definition in a paper 
entitled Power Factor of Polyphase Systems presented before the 
A.I.E.E. in 1920. Unfortunately this particular definition was 
not included in the abstract published in the Transactions of 
the A.I.E.E., Volume XXXIX, 1920, p. 1465. 

C. C. Herskinds The definitipn of power factor is discussed in 
coimection with the ideas advanced in the various papers in this 
symposium. 

Referring to Professor Smith’s paper, equation (1) furnishes^ 
a sound basis for discussing the single-phase circuit. Prom this*, 
relation we may define the apparent power for a single-phase 
circxdt as the product of volts and amperes. If the quantity 
l^Enln cos On is used to define the real power and the quantity 
XEfJn sin dn the reactive power, the remaining term in the 
equation may be called the harmonic or distortion power. The 
apparent power in a single-phase circuit may then be expressed 
by the relation 

^2/2 « p^^2 « p2 + p^2 4. p^ 

Inasmuch as power factor for a single-phase circuit is now 

* p 

definedintheA.LE.E. Standards by the ratio-— and as this 

* ap 

ratio includes all the factors which may arise in a single-phase 
circuit, the writer believes that this defimtion should be retained 
instead of adopting the one proposed by Professor Smith, 
P/ V definition 6 in his paper. The power factor of 

a single-phase circuit then is 


Power factor = 


P 

El 


^p2 + p^2 + p^ 


In order to be consistent with this definition of power factor, 
reactive factor and harmonic factor may be defined by 


•and- 


Pd 


if desired. 

In the ease of polyphase circuits the present AJ.B.E. definition 
is unsatisfactory. Reviewing the A.I.E.E. defimtions we find 
that power factor in polyphase circuits is defined as the ratio of 
total active power to the total vector volt-amperes where the 
total vector volt-amperes is the square root of the sum of the 
squares of the total active power and the total reactive power. 
The total reactive power is defined in turn as the algebraic sum 
of the reactive powers, 'ZEJn sin corresponding to the sepa¬ 
rate harmonic components of the system. This definition does 
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not take into account the effect of the distortion power which 
is due to the presence of harmonics of non-corresponding fre¬ 
quencies, that is, the definition of the vector volt-amperes con¬ 
siders only the real power and the reactive power. Prom the 
analysis of the single-phase circuit we have found that the 
apparent power is defined hy three quantities, namely the real 
power, reactive power, and distortion power. 

In view of the increasing use of vacuum-tube devices in power 
applications, it is important that the effects of harmonies on any 
definition of power factor be fully understood. In the past, 
unbalance power has been a source of trouble in determination 
of power factor and therefore it should also be covered by the 
new definition. In order to take these factors into account, it is 
bplieved the power factor in a polyphase circuit should be defined 
as P/P op. 

When the polyphase system is balanced, with distortion 
present, the apparent power may be determined the same as for 
the single-phase circuit by replacing the polyphase system by 
its component single-phase circuits. 

Difficulties have arisen in the definition and determination of 
apparent power when the polyphase system is unbalanced. 
Some of these difficulties have been discussed by Professor J. J. 
Smith, who has suggested a definition for a maximum apparent 
power. If this definition for apparent power is accepted, the 
power factor in the ease of unbalanced polyphase circuits will be 
an overall factor expressing the ratio of the actual loading with 
unbalanced currents to the maximum balanced load which could 
be obtained with the same maximum current. The definition 
of power factor then includes the effects of wave displacement, 
wave distortion and unbalance j to take these effects into account 
separately, it may be desirable to make further definitions. The 
merit of such a definition of apparent power lies in its practical 
usefulness, whereas other definitions of apparent power at the 
present time have only an abstract mathematical significance. 

C. H. Sandersons Mr. J. A. Johnson’s paper presents a clear 
and logical view of a subject which is far from being clear and 
logical to the majority of our operators. Their major problem is 
efficient and safe overall system operation in which load control 
and voltage control are prominent factors. Early in their experi¬ 
ence they learn that the active or useful power circulating in the 
system has a companion, or an opponent, variously called re¬ 
active power or wattless power or useless power. And they come 
to know that, given the proper facilities, they can so dispatch 
these two kinds of power as to make some real use of the latter 
in the proper control of the system. 

Naturally, given his own choice, the operator would prefer to 
consider inductive reactive power as a positive quantity always. 
It is confusing to him, lacking the mathematical background, to 
i;liTn1r in minus quantities and to consider the dispatching of 
minus quantities of power. Moreover the vector representation 
of these power components as given in other papers of this sym¬ 
posium indicates that plotting of inductive reactive volt-amperes 
as positive is more natural and logical. 

The system of reasoning presented by Mr. Johnson, which may 
commonly be applied to any portion of the power system under 
any condition of power fiow, and which x)ermits a fxirther simplifi¬ 
cation of instrument indications and log records will no doubt 
receive the hearty endorsement of aU system operators. 

C. A- Corney* The adoption of the conventions proposed by 
Mr. Johnson in his paper would simplify the discussion and 
of reactive power. In the past there has been consider¬ 
able confusion due to the fact that individuals as well as groups 
of operating men have built up their own nomenclature and con¬ 
ceptions which were fundamentally sound but differed in the 
manner in which the terms were applied and to the point of 
reference. For example, it is essential to know whether “lag” 
or “lead” is with reference to the bus or to the incoming line. 
Thus one group would consider reactive power in terms of the 
effect which it would have on its generators while another would 


consider purely its academic properties. Thus the parties to a 
discussion would talk at cross purposes until one or the other 
became aware that each was using a different basis. Each would 
be fundamentally correct, but naturally each party would be¬ 
lieve its conception was the better and would oppose any change, 
and the difficulties of handling the flow of reactive power would 
persist. 

In the early days of interconnection in New England, there was 
a considerable amount of this confusion and talking at cross 
purposes particularly at the system operators’ meetings which 
contributed to the difficulties of voltage regulation and line 

loadings. , i -i* j- 

Within the writer’s organization we have tried to clanty dis¬ 
cussion by comparing interconnecting lines with over-and under- 
excited ^nerators, but even here it has been necessary to take 
time to explain this basis. 

It would require some time, of course, to convert our present 
conceptions over to Mr. Johnson’s conventions, but after a short 
period of use these would become convenient and familiar tenns. 
At least we would all have a common nomenclature for handling 
reactive power which is an important factor in successful inter¬ 
connection. 
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Pig. 5 


Miohel G. Malti: This discussion is concerned with reactive 
power in polyphase circuits. Consider a p-phase circuit and let 
there be (p - 1) wattmeters connected (Fig. 5) such that the 
current in wattmeter (a) is and the voltage across it is 6pi; 
the current in wattmeter (6) is and the voltage across it is Cp 2 ... 
and finally the wattmeter (p •=- 1) has the current ip-i and the 
voltage Bpip.i). Prom the definition of power it may be proved 
that: 


P 



/ 


[ep\ii Hr BpzU + . . 


. ep(j>-i)i(p-i)] di 


( 1 ) 


If p wattmeters be connected so that each reads the power per 
phase either in a star circuit (Pig. 6) or in a mesh circuit (Fig. 7) 
the equations for power are respectively: 

T 


P 



(fioiii H" ^02^2 H“ .. * dt 


( 2 ) 


T 


P - 



+ e23‘^23 + • 


. Bp\ip\) di 


(3) 


It may be proved that equations (1), (2), and (3) are identical 
and that they are most general and apply to any number of 
phases, any wave form, any condition of balance or imbalance. 
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and any dilTennuM' in phaso laawoou c and ?. In oiUor words the 
(/i - 1) waitnndors eonneotod as shown in Pig. 5 give the total 
p<j\V 4 ‘r in a /i-phase eirenit nnder all eoinlitions. [Editor’s Note: 
For proofs of tliis sec? “Moasureinont of Energy of l^dyphase 
Ctirrents,” by A. Bloiidob I*ror, InUnmUonal Elcc, Congress, 
Chicago, 111., 180:1, pp. 112-7 (published by A.l.E.E.) and 
‘'Electrical Measunwents” (a b<H»k), by P. A. Laws, first o< lit ion, 
1017, MeGraw Hill Bo«dc p. 1017.1 
Now let us use (/> - 1) wattnudors Ui measure power (active 
an<l reactive) in p-pbases. Let these wattmeters bo connected 
as shown in Pig. 5 . Each wattmeter shall consist of one current 
elenu'ut having a resistance shunt and three voltage elements. 
One voltage ehnnent shall consist of a non-inductive resistance R, 
tlu 4 oHkt of an inductance L so adjusted that, at fundamental 
freqmmcy, its reactance A'm shall be miinerically equal to R; 



Fia. G 



Fio. 7 


Ipi 


and llnally tlu^ third element shall consist of a capafdtance C so 
varied that its reactance Xcu fundamental frequency, also 
shall be numerically equal to IL These elements shall be so 
arranged that they can be HwiUduKl into the circuit independently 
HO that when t.lio volbigc^ coil of the wattmeter is actuated by a 
current flowing through any one element the other two coils are 
o|K»n. Ijct the voltages corresponding to R, L, and C be respec¬ 
tively Cpu . . c,,/, Vpi . . . and fijr/ . . . • Then the 
.sum of tile powder readingvS when the resistance element is used 
will be given by equation ( 2 ), and the sum ot the readings of the 
inductance and capacitance eleimmts will be respoetively: 

T 

P/ ^ 4* 4* • • • 


T 

P/ == "'y ' ^ ( 601*^11 4“ H- . . . dt (S) 

We shall define the polyphase reactive power as: 

Pr « V - Pr'P/ (6) 

Now examine the consequences of this definition. 

Note that equation (4) corresponds to equation (2). More¬ 
over if Cm, C 02 . . . are non-sine voltages and if n, u,. . . are non¬ 
sine currents, then the result of substituting a Fourier series for 
the voltages and currents in equation ( 2 ) is to give the total 
power in all the phases duo to all the harmonics. Thus, upon 
integration equation ( 2 ) becomes: 

P Enin COS(pn (2^) 

P n 

Where the summation is to be done first for all the harmonics n 
of any one phase and then for all the p-phases. 

Now equation (4) is identical with equation (2) and should 
yiedd similar results except for the following two points of 
differiuice: 

(1) (j>n inequation (7) now becomes(jfin'. 

(2) Enin in equation (7) has to be divided by n because Xl 
varies as the order of the harmonic. Consequently the current 
flowing tlirough the voltage element of the wattmeter is ( 1 /n) 
times that flowing through the non-inductive resistance element. 



With those two modifications equation (4), after integration^ 
reduces to: 


.,.-2 2 

(8> 

P P 


Similarly equation (S) reduces to; 


p/ = 2 2 

(9) 

P n 


Now in order to find the relation between 4>m 
refer to Fig, 8 , and note that: 

(}>n' and <#»«' 

<#>n' = 90' +<^« \ 

=90' -<t>n 1 

(10) 

Henee: 


cos<j>n' = - sin(#>„ 1 
(S08<t>n' = ain^/ / 

(11) 


Substituting equations (11) in ( 8 ) and (9) and the latter in ( 6 ) 
we have: 




( 12 ) 
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Expanding eq.uation (12) we obtain: 


^ sin<6„+2 (~ mSJnsin<i> msin<^>„(a) 


= V (S EJn Sia <#>„)* + JW* 


(b)^ 

(13) 


The foUowing has been su^sted as a possible definition of 
reactive power: 

Pf' = 2 Enin sin 4>n (!■*) 

SQiiaring equations (13b) and (14) and subtracting we have. 

- Pr‘ - Pr^ 


2 [-( 




ErJmBJn sin<^t» sm<#)ti (15) 


The value of M (equation (15) ) depends upon the following: 

1. The order of the harmonics m and n. 

2. The magnitudes of the harmonic voltages and currents. 

3. The values of sin <^>n and sin 



Pig. 9 


It must be observed that M is a summation of a set of products 
any one of which might be positive, negative or zero and that 
the value of M depends upon the value of the summation and not 
upon the speoiel value of any one of these products. It is, there¬ 
fore, conceivable that the value of M may be very small even 
though the values of the separate terms in the summation be 
large. This occurs when the sum of the positive terms (equation 
(15) ) is approximately equal to the sum of the negative terms. 
Now since 

/ JL +—) >2 • 

\ n m f "" 

any one term in the summation will be positive if sin <#)m aud 
sin 4>n have opposite signs and negative if they have the. same 
sigu. 

The definition of reactive power (equation (13)) is open to the 
least objections of any, so far proposed, for the following reasons: 

1. The method of measuring E and I is practical because line 
voltages and currents are obtained easily and power is obtained 
according to the standard practice except that each wattmeter 
has to have three voltage elements instead of just one. 

2. To the practical engineer the method of computing reactive 

power from the readings so obtained is very simple. (See equa¬ 
tion (6).) , y, . « 

3. Since equation (14) is a purely arbitrary definition of re¬ 
active power, and since it is open to objections from the stand¬ 
point of measurement, there appears no reason why equation 
(13) which is equally arbitrary but easily measurable should not 
be adopted as the definition of reactive power. 

4. Equation (13) does not presuppose the resolution of non¬ 
sine waves into their harmonics before reactive power can be 
determined as is the case with equation (14). 

6. Equation (13) is not open to the objections, both theoreti¬ 
cal and practical, to which the A.I.E.E. standard defimtion is 
open. 

The power factor of a polyphase circuit is defined as follows: 

Power factor = ^ ^ (Id) 


Where P is the power measured (Pig. 6) by using the non- 
inductive resistance R in the voltage element and Pr is defined 

through equation (6). . 

B. E. Lenehan: It is customary to represent the cyclic vana- 
tion of the instantaneous values of an alternating voltage or cur¬ 
rent by the projection of a line rotating once a cycle on one of the 
axes. Usually the vertical axis is chosen. The vector diagram, 
as commonly constructed, shows the relative positions of these 
lines at one point in the cycle. Usually one vector is most im¬ 
portant and is directed horizontally to the right and called the 
reference vector. Fig. 9 is a vector diagram of an mductive 
circuit taken at the time the voltage is passing through zero in an 
increasing direction. 

Power, as is shown in the papers, has two components; a steady 
value, and an alternating component of double frequency. Fig. 
10 shows a set of such vectors at the same instant of time as in 
Pig. 9. The point A corresponds to voltage zero and B to ciment 
zero. At these points, the power input to the circuit obviously 
is zero. If we try to locate the point in the power cycle where 
the instantaneous reactive power, as defined by Professor Lyon, 
is zero, we encounter difficulties. Obviously, it is zero when the 
current in the inductance is zero. In a series circuit, this is point 
B in Fig. 10. In a parallel circuit, the instantaneous reactive 
power is zero when the voltage is zero, which is point A in Fig. 10. 
It is found that in order to evaluate the vertical component of 
the stationary part of the power vector, we must know the de¬ 
tails of the circuit. However, the rotating part of the power 
vector is not dependent on the circuit details. 

For an inductive circuit, this component has the direction of 
p _ jQ when voltage is used as reference and P + jQ when cm- 
rent is used as reference, which is entirely in agreement with 
common practice. 



Fig. 10 


Until we standardize on using either voltage or current as a 
reference vector in making vector diagrams, there is no choice 
between P 4* jQ and P — jQ for inductive loads. When the 
reference vector is chosen, the sign of Q is or should automatically 
be determined. It is the same in direction as the vector not used 
as reference. If the components of the voltage and current 
vectors are taken on the horizontal axis instead of the vertical 
axis, the sign will be the same as that of the current or voltage 
vector. 

H. S. Baker: At the present time it is quite customary to use 
certain meters to measure a certain quantity which we have been 
unauthoritatively calling “reactive vplt-amperes.“ From this 
we have bui.lt up the custom of calculating what we have been 
unauthoritatively calling * ‘power factor.’ ’ 

Now since it appears impossible to define the exact meaning of 
reactive volt-amperes or power factor as applied to complex 
circuits of bad wave form, and since there is no hope of such a 
definition being of any practical use (even if agreed upon), should 
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we not continue to do our metering and billing in tbe customary 
manner but use some other terms (ij necessary) than reactive 
yolt-amperes and power factor for those physical quantities now 
actually measured and used in billing? 

W. M. Goodhue: Professor Lyon in his paper refers to the 
'‘Concept of Instantaneous Reactive Power.” Now this is 
identically the instantaneous power of the quadrature component 
of current, etc. Does this not suggest that it is the duty of re¬ 
active power not to supply energy storage but to circulate in¬ 
stantaneous power (since the average of the reactive power is 
zero)? In common with the viewpoint just stated, there is the 
practical occurrence of large circulating reactive-power of trans¬ 
formers on the "pump-back test” (with lagging or leading secon¬ 
dary currents), where the amount of stored energy involved 
(mainly the fluxes in the transformers) is negligible on considering 
the enormous reactive power in the primary and second^ loops. 
In this example, the reactive power actually is traveling in an 
endless chain composed of both primary and secondary lines (as 
links) joined together at each end by the transformers. Mathe¬ 
matically, reactive power will of comse be defined in a special 
way to expedite circuit analysis; in particular the term quadra¬ 
ture volt-amperes is significant. 

It is stated in the paper that a potential of one frequency and a 
currenb of another frequency produce neither active nor reactive 
power. That statement begs the question, being dependent on 
definition; particularly, it is possible to have magnetic stored 
energy produce reactive power between voltage and current of 
two different frequencies even in a linear system. For example, 
a rectifier smoothing inductance has an enormous instantaneous 
power between the direct-current and altemating-currmi 
voltage (the voltage ripple impressed on the mductance), which 
may amount to 20 times the ordinary alternating-current reactive 
power between the alternating-current component (the current 
ripple), and the alternating-current voltage. This power is 
circulated between the inductance and the alternating-current 
line, through the rectifier. Since, as explained, reactive power 
means fundamentally the circulation of the portion of instantane¬ 
ous power having zero average value, the direct current alter¬ 
nating-current voltage instantaneous power is a reactive power, 
in this case, of a magnetic field, and to avoid confusion, may well 
be named cross-rea^ctive power. On the alternating-current line 
supplying the rectifier, this cross-reactive power appears again, 
this time between harmonics (higher than fundamental) of the 
line current and the fundamental of the voltage (phase of equiva¬ 
lent Y). The change between the two kinds of cross-reactive 
power is of course physically performed by the rectifier itself. 

Summing up, there should be three kinds of reactive power, 
fundamental (lagging, leading), cross-reactive power, and har¬ 
monic reactive power (between components of the same fre¬ 
quency if existent); any of the three may be caused by energy 
storage of various kinds (including mechanical inertia), or may 
circulate in an endless path. 

The first, or ordinary fundamental component type, is con¬ 
cerned, practically speaking, with excitation, and the power 
factor definition in terms of total ordinary reactive power may 


where 

P = total power, all 3 phases 
7 a etc., are line rms currents 
Fa etc., are line rms voltages 

Assuming an alternator having equal stator copper resistances, 
the stator copper loss is proportional to Ja* + + W in the 

presence of both harmonics and quadrature currents. The core¬ 
loss and field loss (due to main flux, not aimature reaction), tend 
to vary as the voltage squared (true for linear systems), so that 
Fq: is used for symmetry and simplicity of the 

formula. 

S. H. Wright: Considering reactive power from the system 
operator’s standpoint, the writer firmly believes tha.t much is to 
be gained in system operation by treating all reactive power as 
inductive-reactive power—as described by Mr. Johnson. 

Considering reactive power from the viewpoint of those engi¬ 
neers who deal with calculations involving vector diagrams and 
complex numbers, there is divided opinion as to whether in¬ 
ductive- or capacitive-reactive power shall be taken as + iQ. The 
following discussion of this matter emphasizes a fundamental 


Fig. 11 

A—Voltage and current waves 
B —ei (inOTantaneous) power wave 
O—iait power wave ^ 

D—(Itoductive) reactive power wave * 

♦Wave ot inductive reactive power leads 
tlie i*R wave by M of a power cycle. 



concept which the writer believes should be given considerable 
weight in coming to a conclusion. This same concept is described 
in different form in Doctor Fortescue’s paper; it is believed that 
the following presentation will aid in giving a clear concept of the 
fundamentals involved. Discussion is limited to single-phase 
quantities and pure sine waves. 

Consider an air-core reactor having resistance and inductive 


well be called the excitation factor: 

Excitation factor 

_ total active powe r_ 

V (total active power)^ 4- (total reactive power)* 

The other two kinds, cross-reactive power and harmonic-re¬ 
active power, are concerned vitally with the heatmg effects 
(copper loss, and core loss) and so affect the ratings and cost of 
equipment. On the basis of heating, there is an interesting 
definition of power factor of a three-phase line: 

V 3 F 

Power+ V vr*. + w + Po- 


reactance of the same order of magnitude. Apply voltage e, 
obtaining current i, as in Fig. 11a. Determine the variation of 
(instantaneous) power with time, such as by an instantaneous 
power element of an oscillogram, obtaining Fig. HR. There is 
nothing fictitious about the power wave in Fig. HR. It is not only 
the product of instantaneous values of e and i\ it is an indis¬ 
putable record of power, which, it is noted, is predominately 
input but periodically output. 

Let us now separate this power wave into two components. 
The component is known to be the wave in Fig. HC, which is 
in phase with the current wave. Let us subtract this wave 
in Fig. 11c from the total power in Fig. 11b, obtaining the wave 
in Fig. llD which obviously is the wave of reactive power. In 
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other words, the two components, i^R in Pig. 11c and reactive 
power in Fig. 11d, when added give the total power in Pig. 11b. 

It is evident that a power cycle is half as long as a voltage or 
current cycle. It also is evident that the reactive potoer wave leads 
the i^R wave by one-^mrter oj a power cycle. Similarly, it can be 
shown that for a circuit containing resistance and capacitance, 
the reactive power wave lags the i^R wave by one-quarter of a 
poAVer cycle. 

In view of the above, it appears fundamental and logical to 
designate inductive reactive power as + jQ. 

W. H. Pratt: The problem of the measurement of the various 
derived quantities that are discussed in the papers involves a 
deeper examination of them than is indicated by their convenient 
designation as j®, 7, S7, V — P®, etc. 

While every form of electric manifestation is potentially a key 
to some measurement process, the number of electric quantities 
that can directly be measured is limited. This is due largely to 
the fact that many of the quantities we would like to measure do 
not occur naturally. When this is true, there is no such thing as 
direct measurement of such except in the sense that the simplest 
possible procedure shall have been chosen. 

We can have oiurrents that from instant to instant almost 
exactly represent other currents that form parts of our formulas. 
By the use of noninductive resistances, we can obtain currents 
that from instant to instant veiy closely represent voltages. By 
the use of highly inductive circuits, we obtain currents that 
closely represent the indefinite time integral of SrC voltage, while 
by the use of capacity, currents representing the derivative of 
voltage with respect to time are secured. By combinations of 
derived circuits, higher integrals and multiple derivatives may be 
represented by currents. Similarly, integrals and derivatives of 
currents may be represented by other currents. 

The instantaneous product of pairs of simultaneous values is 
secured by the reaction between simultaneously occurring fields. 
Integration of products and averaging may be secured by utiliz¬ 
ing mechanical inertia or thermal capacity. Ordinarily the 
former gives the more vivid response. Thus, if we would secure 
the value of 7, the operation corresponds to 

a 

and every element in this formula is represented in the measuring 
device, two fields each, from instant to instant, proportional to 
the value t, their product by the mutual reaction of these fields, 
integration and averaging by the inertia of the moving system of 
the measuring instrument, and finally the extraction of the 
square root by the arrangement of the marking on the scale. 

To measure such quantities as Ml, or voltampere-hours, or 
^^ 27 : — the problem becomes increasingly complicated. So 
far as measurement is concerned, the expressions given in the 
preceding sentence are only titles. If we would see what is 
involved, they must be written in terms of the fundamental 
quantities that are accessible in the circuit. 

Thus: 

-rh 

a a. 

voltampere-hours *= , 

.2('l /-■“>1 rb" 

The Ai signifies that while the time must be finely subdivided 
the quantities within the parenthesis can hardly be considered 
as having instantaneous values. 




b 

^ di 


\ 6 — a 




It seems almost impossible to set up a corresponding expression 
for the general case of reactive volt-amperes. This implies that 
exact measurement of it may be impossible. For the restricted 
cases that are ordinarily measured, assumptions are made out¬ 
side the formula, wliich resembles that for power. 

Relatively simple mechanisms are available for performing all 
the operations that have been so far indicated, but their assembly 
to effect a measurement such as V BI^P — makes a very im¬ 
posing array. Nevertheless unless approximations, often danger¬ 
ous, are accepted, every element, quantity, and operation, must 
be correctly represented in the measuring device. 

The bearing of the foregoing on the present problem is this: 
Many of the quantities that are being discussed look so innocent 
yet are in fact so complicated that their practical realization as 
measured quantities is not likely to be undertaken except under 
exceptional circumstances. If then, without a sacrifice of funda¬ 
mental accuracy of conception, a choice is possible, the simpler 
should by all means be chosen. It will be complicated enough. 

Arthur A. Bolsterlt: To the practical engineer who views 
reactive power and power factor chiefly in their commercial 
aspect and who is not unaware of the difficulties encountered in 
trying to acquaint power customers with the elusive and to them 
wholly mysterious concepts of power factor and reactive power, 
the multiplicity of facts and aspects presented in the symposium 
must be little short of bewildering. Did any of the familiar con¬ 
cepts stand the acid test of scientific scrutiny and how is the 
matter to be explained to the power consumer in the future? 

To anyone, however, who has been following the discussions 
carried on during the last few years under the leadership of the 
Roumanian group of engineers the diveigence of views in evi¬ 
dence in the symposium is less surprising. The subcommittee on 
reactive power is faced with issues of singular intricacy. While 
the commentary to the Roumanian questionnaire has illuminated 
the problems involved from many angles, the symposium throws 
new light on them, and even though the conclusions arrived at 
in the various papers seem still far from being unanimous, it is 
nevertheless evident that progress is being made towards ending 
the deadlock that came into being when the International Elec¬ 
trotechnical Commission in its 7th general meeting at Stockholm 
in 1930 rejected all the proposals for the definition of reactive 
power. 

The subject is presented in the symposium in turn from the 
point of view of power dispatching, circuit analysis, and metering. 
It is unfortunate that the viewpoint of power economics should 
not have been presented with equal weight, as it is second to none 
in practical importance. 

It is clear, for example, that whatever the eventual definition 
of reactive power will be, it will not materially affect the power 
dispatcher, because he can neglect with impunity the refinements 
aromd which the whole argument revolves. For this reason 
power dispatching as a viewpoint cannot contribute materially 
towards finding the correct answer to the arguments. 

Power economics on the other hand has a decisive bearing 
upon the subject. In fact it is necessary, as Professor Lyon 
points out, to decide at the outset as to whether the definitions 
sought shall serve primarily the commercial ends of power 
economics or the scientific aims of circuit analysis. 

In my opinion the choice is not entirely open. Both Professor 
Smith’s and Professor Lyon’s presentations, although largely 
concerned with circuit analysis, fail to suggest solutions that 
radically solve all difficulties. 

Professor Smith essentially subscribes to Budeanu’s proposals 
which have been widely discussed abroad. Professor Lyon con¬ 
cludes that power factor is useless in circuit analysis in the 
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general case. Equally useless is for those purposes the concept 
of resultant reactive ])owor for all frequencies combined. The 
conclusion seems warranted that circuit analysis not only can 
do belter without the concoi)t8 whoso definitions are sought, but 
does not furnisli a ba-sis for logical or oven oonveuient doHnition. 

The only alternative left .seems therefore to attempt these 
definitions by loaning on the clues found in power economics, 
ev<m though this may result in rologJiting power factor to the 
plebeian neighborhood (using Mr. Knowlton’s expression) of load 
factor, etc. 

Hefore elaborating furliier on this last swpoct a short discussion 
is given on Profo.s.sor Smith’s paper. 'I’ho introeliiction of dis¬ 
tortion power is an ingenious inathomatieal artifice to restore, 
in tlm general case, tlio orthogonal relation tlrnt exists between 
apparent power, reiuitive power, and n'al power in tho case of the 
sinusoidal single-phase circuits. Tho fact that throe-dimensional 
space luiH to be resorted to for representing tho now relation offers 

no pnictical diflicultioa. u .n 

Professor Budoauu’s concepts, advocated by I’nuossor bmitii, 
are of rwil practical value in those ca.so8 where either the voltage 
or tho current is sinusoidal, wliile the other quantity is non- 
.siiiusoidal. It is a couicidenco tliat an api>aratus whose current 
is uon-sinusoidal, but avIioso impro.saed voltage is generally 
sinusoidal, is becoming increasingly important, namely, the 
mereury arc nictifier. It is amenable to analysis by this method 
which consequently assumes consideralile iinporlauce. Attention 
is called 1.0 an article by H. Hissik' where this application us 

Inm ted exhaustively. ., , , , 

If both ciirrmit and voltage are non-sinusoidal the concept 
of distortion power becomes devoid of physical meaning as well 
as elusive to measurement, representing, as it does, a sum ol 
products of the rms values of voltage and current harmonics ot 
different frequencii's. Its introduction novorlheh^ss is necessary 
as a mathcmiitical expedient if reactive power is defined as sug- 
giusted in Professor .Smith’s paper and the orthogonal relation 
(/?/)* -i- w fe lie retained. As tlie distinction botwism 

reactive powi'r and distortion power is at best arliitrary in the 
general case, and both can be. determined only by ^*'' ^”*'*****’p 
process of harmonic analysis of oscillograms, the dimculties ot 
aprilving the new concepts to power loads are easily realwed. 

It is apiiurcnt that tho necessity for the concept of distortion 
power is the result of a compnmiise necessary if the fundamental 
relations tliat hold true for reactive and apparent power m the 
simwoiilal case are to be preserved and expansion into 1< minor 
.series is resorted to in tackling the general case. Once tins is 
realized the gnmnd will be cleared for a truly general attmsk on 
tlie problem that is not prepossessed by concepts spimihcally 
adapted to siniisoiilttl circuits. A signilicant step in this direction 
lias lieen miulo liy S. Fryze- who has developed for tlm emse of 
single-phase circuits the relations between current and voltage 
and thi'ir products without restriction as to wiive shape, except 
that hotii current and voltage are periodic functions ot time: 
e / (f) i g ( 1 ) == T 

This manner of analysis presents a novel viewpoint and is Im- 
lievud to lie of suHlcieut inijiorlaiico to justify a brief description 

Tim underlying idea is to start from well defined and easily 
measurable quantifies only and do witlmut Fourier senes. 

After defining llie rms values of volUxgo, cu^nt. and f'owor, 
liy formula identical witli tlmse given on the first page of J ro- 
fessor hyoii’s paper, Fryze defines the power factor as 


theorem (“Ungleichung vou Schwarz’^) it follows directly that 
the power factor defined by (1) obeys the relation: 

X < 1 (2) 

and that the condition for its reaching unity value is: 


= E = const* 


(3) 


or in other words, the power factor becomes unity when, and only 
when, at every instant, the current is proportional to the voltage, 
when the current and voltage waves have the same shape. 
If the ratio of simultaneous instantaneous values, as expressed by 
(3), is not constant, but a function of time, the power factor 
must need be smaller than unity. 

Both current and voltage are now resolved into a real and a 
wattless component, whereby the wattless component of current, 
for example, is characterized by the condition that its product 
with the instantaneous voltage integrated over a complete period 
is zero. The partial functions thus obtained are found to be 
orthogonal, and by forming their rms values the validity of the 
quadratic equations: 

= Ep^ + Eto^ W 

/2 = (5) 

m well as 


Pan = P* + F. 


( 6 ) 


F 

“A7 


( 1 ) 


wlicre F i.s real ixiwcr (ave-rage over cycle) and I ^ 

riiiH vatm-s of current and voltage. I'wm «■ mathiniatieal 


irSminiitlt./i.ii.. May inas. vef. 72 . |i. tan. 
2 . A.r.z., voi. .-| 3 , 1 «a 2 , mi. mm. oz.'.. ?«). 


is established, in spite of the tact tliat both voltage and current 
are of quiU? general wave shape. 

In order to arrivo at a physical interpretation of these formal 
equations, Pryze proceeds to investigate the functions: p = et 

^vhich he resolves into wattless and power com- 
i 

ponoulfS and then integrates over a period. The resulting equa¬ 
tions show that the general alternating-current load can be repre¬ 
sented by the series or parallel connection of two elements of 
load, one of which behaves as a constant resistance whose value 
is determined solely by P and I (or E), while the other has the 
character of a periodically varying resistance having a value 
deuwminod by F„ and I (or E). The former is temed the 
“active” element of load, the latter the “wattless” element of 
load. Tho wattless element of load is characterized by the fact 
tliat its energy consumption over a complete period is zero, and 
the general expression for wattless power is represented by the 
product of tho rms values of current and voltage across the termi¬ 
nals of a wattless element of load. The investigation stops at 
those terminals as the rational boundary and does not inqmre 
into the question as to whether the wattless power of the load is 
due to variable resistance, to the presence of eleotne or magnetic 
fields, or to counter emf’s. 

Tho quantity Fi» in Prjze’s analysis has the same meaning as 
that known as wattless, idle or reantive poww m the case of 
sinusoidal wave forms. In terms of Professor Smith s termmol- 
ogy for the non-sinusoidal case, Pryze’s “wattless power cor¬ 
responds to “fictitious” power. As the orthogonal equation 
F» + F„» =■ F.p» 

toUows quite naturally, the necessity of distinguishing between 
a distortion and a reactive component ot fictitious powere-which 
is impossible of practical attainment m the general case—is 

°^App^nt power, real power, and wattless power 
combined to a rectangular triangle, as in the smusoidal ca^. 
with the difference that ihe angle no longer reprints a phase 
displacement. The International Blectroteohmcal Oommission 
dotoitions drawn tor sinusoidal currents (7th general meeting 

1930) become at once applicable to the general ease. ^ 

In Pryze’s analysis the positive (capacity) and negative 
(reactance) character of wattless power no longer exists m the 
sense it does for the sinusoidal case. 
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As the sole criterion for the presence or absence of wattless 
power emerges equation (3), i.e., wattless power is present unless 
current and voltage have the same wave shape. The term watt¬ 
less power is here preferred as it is more descriptive than fictitious 
power and as the term reactive power should he reserved to the 
special case where wattless power is due solely to reactance. 

It is concluded further than an infinite number of voltage and 
current wave shapes will result in the same rms values and the 
same power factor. 

The extension of Fryze’s method to the general polyphase 
load should meet with great interest. 

The correlation between the above analysis and power eco¬ 
nomics becomes apparent when the problem is investigated as to 
what relation must exist between the general wave forms of cur¬ 
rent and voltage if a given power is to be transmitted through a 
circuit of constant resistance with the condition attached that 
the losses shall be a minimum.* It is significant, and no mere 
coincidence, that this relation turns out to be identical with the 
condition derived by Pryze (equation (3) of this discussion), for 
the absence of wattless power; 

Thus wattless power in its most general form is shown to be 
the cause of extra losses in the transmission of power. Power 
factor is found to represent a measure of power efficiency in trans¬ 
mission and distribution, the utilization factor of a given circuit. 
Both power factor and its concomitant, wattless power, owe their 
importance to the economies of power transmission. It now turns 
out that in their very essence the economic element is less elusive 
than the physical. 

G. Lorraine* Articles appearing in contemporary litera¬ 
ture show a surprising difference in point of view from which the 
sign of inductive reactive power (inductive volt-amperes) may be 
determined and about an equal division between those favoring 
a negative sign and those opposed to it. Even the four papers 
presented at this symposium which specifies a convention are 
equally divided. However, it is recognized by all that a single 
convention is desirable. 

The proper sign of reactive power caused by the presence of 
inductance in a circuit should emerge of itself from a considera¬ 
tion of the previously adopted conventions for fundamental 
quantities. These are: 

1. The algebraic conventions for complex quantities and dhee- 
tion of rotation of time vectors. 

2. Definition of impedance as 

Z ^ R + jX 

where X is positive for an inductive reactance. 

As a corollary, admittance (7) is 



Then power P may be expressed as either 

or P-^PZ^PB+jPX 

depending upoh whether the voltage E or the current J is used 
as the original reference axis. Thus the sign of inductive reactive 
power correctly may have either a negative or a positive sign but, 
to avoid confusion, one sign should be established arbitrarily. 

The reasons wMoh have led to the practice of plotting inductive 
reactive power with a negative sign may be summarized as 
follows: 

1. The great preponderance of networks in which the voltage 
is known as a function of time has led to a prevailing preference 
for a voltage reference vector (in voltage-current diagrams). 

2. The established convention of counter-clockwise rotation 
to indicate the positive progression of vector quantities in time 
requires that leading quantities be represented as counter-clock- 

♦Riafidk. loc. eiU 


wise and lagging quantities as clockwise relative to the reference 
vector. The significance of leading and lagging power factor is 
established by this convention. 

3. The significance of leading and lagging power factor carried 
over to the power diagram makes capacitive reactive power 
positive. 

4. Since power and reactive power at equal voltages are pro¬ 
portional to the corresponding currents and when expressed as 
per unit quantities are equal in magnitude, it is desirable that the 
corresponding complex numbers of current and power have the 
same sign. 

The last consideration is of great convenience in network 
calculations. 

There are, of course, situations in which it is more convenient 
to express inductive reactive power as positive, usually when 
current is used as a reference vector with series circuits. For 
these occasional cases the most convenient practice should be 
followed and it should be stated clearly that inductive volt- 
amperes are taken as positive. 

In conclusion, it is believed that inductive reactive power 
should be taken with a negative sign. However, because of the 
wide divergence of opinion at the present time, some latitude in 
the use of this arbitrary convention should be allowed. There¬ 
fore, it should be limited to unspecified power equations and 
diagrams. 

C. F. Bowmans In developing the complex expression for power 
in the form p = P =*= iQ, we find that the product as we would 
bo inclined to use it, P' = J^jf has no physical significance uifiess 
we use either ^ or 7 as the reference in writing the expressions 
we multiply. This can be shown analytically, but its failure to 
check can be shown sufficiently by an example. Using Euler’s 
identity for brevity G.g., [E = E (cos (i> ^ j sin (j)) ^ Ee ^ j 






product we find SuS (El - Ele 


J 

® ^ =EIe 


^). This 90 deg 


phase relation indicates a purely reactive power; yet with the 
actual phase difference between current and voltage being 


- = 45 deg, we know that the power factor is 0.707. 

4 

To give the product physical significance it is necessary, as 
stated heretofore, to use these terms so as to utilize either E ox I 
as reference for the product. This can be done by reversing the 
sign of the Euler exponent (or of the j-term in the complex ex¬ 
pression) in the quantity we wish to utilize as the reference. Using 
this method for the example given above with an inductive 
impedance, and electing to use voltage as reference, we reverse 
the sign of the voltage angle and multiply, obtaining: 

P =^/]b, =EIe '• ® ® =EIe * - EI(cos46"- j sin 45") 

^ P - jQ 

Hence, utilizing voltage as reference we find that — jQ repre¬ 
sents inductive power, and -f jQ would represent condensive 
power. 

It would be equally correct, mathematically, and equally 
simple, to elect current as the reference, thereby reversing the 
sign of the lateral term, jQ. With practical circuits, however, we 
find that there is a deep rooted association of the term *‘laggmg” 
with inductive circuits based on the lagging currents there found 
(though it might equally as well have been associated with the 
lagging voltage of condensive circuits). This habit, in turn, 
comes from our choice of voltage as reference in our modem 
systems of distribution by multiple circuits: the voltage is com¬ 
mon to aU branches and hence the most convenient reference. 

Hence to be consistent with our present tacit assumptions of 
voltage as reference, the negative sign should be used with in¬ 
ductive power as well as with inductive currents. 
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This definition must be used to be consistent with the AJ.E.B. 
definition of phase power, reactive: Pr * E7 sin <#> if we mamtain 
voltage as our reference. In this case, for inductive circuits, <p 
is negative, [sin (- ^)1 = [ - sin (#>]; and for an inductive circuit 

this gives P = P — jQ. ~ ^ j xi.- 

For the multiple circuit and voltage reference, we find this 
negative sign for inductive quantities carries down also to the 
circuit elements, and / = E (j (? 1 - j I B j ). The impedance, 

Z = T is essentially a series circuit quantity where the 

reference is current; and if current is to be established as a 
reference with one of the groups of quantities involved, it should 
be carried through consistently. If this is done, the sign of the 
lateral term is positive for inductive quantities throughout. 

If the inductive power is assigned the negative sign, we retain 
our unifying concept of the voltage as reference and can associate 
the term “lagging” with inductive quantities in power as well as 
admittances and currents. 

P. L- Alters The various conceptions of reactive power pre- 
seated in recent committee reports and in papers in Bubctmcal 
Enoinbbbing illustrate how differently we can view the most 
elements of electrical theory, while Doctor Silsbees 
analysis* of possible reasons for selecting the sign of reactive power 
indicates how difficult it is to agree on even the simplest conven¬ 
tions. Doctor Silsbee leans to the choice of a positive sign for 
inductive volt-amperes on the basis of general principles of 
scientific convention. Mr. J. A. Johnson reaches the same con¬ 
clusion on the basis that inductive power is commonly generated 
and distributed just as real power is, so that it is convenient to 
use the same sign for both. On the other hand, numerous writers 
consider inductive power as negative for the same reasons that 
inductive currents are called lagging and are plotted downwards, 
whij.e Mir. A. B. Knowlton’s reported questionnafce shows 50 
representative engineers to bo about equally divided ^ opinion. 

Clearly, no agreement is possible unless a conclusion can be 
reached from universally accepted definitions without bringing 
in auy assumptions whatever. 

What is the physical meaning of the angle between the active 
and reactive power vectors? Active power flows continuously in 
the direction in each conductor of the system, while re¬ 

active power flow alternates in direction in each conductor at 
double line frequency. The combination of active and reactive 
power is, therefore, exactly analogous to that of the direct and 
alternating components of a pulsating unidirectional current. 
In case the 2 quantities have different frequencies, and so 
can not properly be represented by vectors in a common itoe 
/ii«gr fl.Tn No physical reality can be ascribed to the an^es in a 
right-angled triangle representing the a-c and d-c components of 
a pulsating current. However, the right-angled triangle repr^ 
sentipg the active and reactive volt-amperes in an arc system is 
geometrically identical with the representation of 1he in-phase 
and out-of-phase components of voltage or current in the same 

system. . , i. 

By universally established conventions, an mductive im¬ 
pedance is represented by the expression; 

Z •R+jX (1) 

which, results in the expressions: 

( 2 ) 

for the vector voltage referred to the current as reference axis and 
j (3) 

for the vector current referred to the voltage as reference axis. 

In dealing with constant current systems, it is the general 
practice to use equation (2), and hence to represent inductive 
voltages as positive. The vector diagrams so obtained represent 
active and reactive power equally as well as in-phase and reactive 
voltages. 


REACTIVE VOLT-AMPERES 

In dealing with constant voltage systems, it is the practice to 
use equation (3), and hence to represent inductive currents as 
negative. These vector diagrams equally well represent active 
and reactive power as they do in-phase and inductive currents. 

Whatever system is being considered, vector diagrams of 
voltages and currents are useful and are generally employed. 

It is obviously convenient to use the same diagrams to represent 
the power relations. In fact, it seems ridiculous to do otherwise, 
as the diagrams are geometrically identical, and as no physical 
reality can be attached to the aisles in the power triangle con¬ 
sidered by itself. The angles in the current and voltage triangles 
represent time phase in degrees, or in fractions of a cycle. 

It is thus apparent that inductive volt-amperes should be 
defined as positive, to match the inductive voltage, (equation 
2) if the current is considered as reference axis. T^ is "^e • 
normal convention for constant current systems. Also, inductive 
volt-amperes should be defined as negative, to match the in¬ 
ductive current, (equation 3) if the voltage is considered as 
the reference axis. This is the normal convention for constant 
voltage systems. 

Both conventions are equally acceptable and equally m accord 
with the already well established standards. Hence, both must 
be permitted, and the only possible grounds for selecting one as 
standard are convenience and usage. 

The very great predominance of constant voltage systems m 
power transmission and other oases where reactive power dia¬ 
grams are of practical interest makes it convenient to adopt as 
standard the convention of plotting inductive power as negative. 
A review of the literature indicates a gradual trend of usage 
toward the negative sign for mductive volt-amperes, although 
the total number of references is about equally divided. 

If it is realized that vector power diagrams have no physical 
reality, but are simply representative of currents or voltages, no 
difficulties can arise, but it is obvious that whether currenjis or 
voltages are implied it must always be stated. If, as Doctor 
Silsbee has done, we attempt to define the sign of reactive power 
from a logical analysis of the underlying defimtions, we are im¬ 
mediately involved in such questions as whether the susceptance, 

R is or_and the discussion loses aU physical 

significance. . j x* 

An over-excited synchronous generator d.elivers mductive 
volt-amperes, and is properly called a lagging power factor 
generator. An under-excited synchronous motor receives m- 
ductive volt amperes from the system, and is so properly called 
a lagging power factor motor. With the standard counter- 
clockwise rotation of vectors, the term lagging definitely con¬ 
notes a downward plotted, or negative vector. ^ u -i. 

The evidence presented here from the points of view of both 
convenience and usage, therefore, indicates that inductive volt- 
amperes shoTild be considered negative. If, however, it is desired 
to use the current as a reference axis and take inductive volt- 
amperes positive, this is just as correct and legitimate as it is to 
treat the power of a motor as positive. The real difficulty with 
reactive volt-amperes is that they have 2 signs, one for angle of 
lead or lag and one for inflow or outflow. The resultant signs for 
the usual types of power flow recommended as standard are thus, 
as indicated in the following table. 


Apparatus 

Power 

Reactive volt-amperes 

__ 


_ 

WW-eXdlJeU .. 



— 

0 ver-cxdted, syudiroiious generator... 
Under-exdted synchronous generator.. 




Wm. B. Nulsen* Volt-amperes is necessarily a vector quan¬ 
tity having a real component and a quadrature component, or 
if you wish, an active component and a reactive component.. 


3. E 1 .BCTRICAL ENaiNBBRXNa, April. 1933, pp. 261-2. 
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Thus in the expression FA = p st jQ^ p is the active component 
and Q is the reactive component. The term power is generally 
understood to mean watts, or the active component of the volt- 
amperes, and with this understanding the term “reactive power’^ 
is meaningless. 

It is certainly advisable to give a name to the reactive com- 
I)onent of volt-amperes. The standardization of such a name is 
of more importance than the name its^f, although the unit 
“var” seems most appropriate, indicating as it does, reactive 
volt-amperes. 



Bxl X?. 


Mathematically, the sign of the (quad¬ 
rature component depends upon whether 
we consider — /?, or0 —j5 — Oi, m 

Fig. 12. In the first case 0 is measured 
from f to and in the second case 9 is 
measured from to /, with a consequent 
reversal in the sign of sin 0. This is ident¬ 
ical with the effect of the order of vectors 
when taking vector cross-products, so that 


The angle of lag or lead is understood to be the angle which 
the current vector makes with the voltage vector, i.c., the cur¬ 
rent vector is referred to the voltage vector. Thus the angle 6 
should bo measured from the voltage vector to the current 
vector, and it becomes a negative angle with a lagging current, 
and a positive angle with a leading current. Vars are therefore 
negative with a lagging current, and positive with a leading 
current. 

The question of clockwise or counter-clockwise rotation does 
not enter directly into the choice of signs, since the double fre¬ 
quency volt-ampere vector has no more place on our Argand 
diagram than have the stationary impedance or admittance 
vectors. However, if we consider vector volt-amperes on a 
separate diagram, there appears to be a consistency in associating 
— jQ with a lagging power factor and + jQ with a leading power 
factor. This is in agreement with the convention just outlined. 

Letting ^ « (ci +^ 62 ), and f =» + jU)^ we may write 

FA as (ciij -j- 62 ^ 2 ) -hi ifiiH — 62 ^ 1 ), 


and using vector notation 

FA = M • I db j \ B X-?|, 

the sign of the quadrature component being determined as above. 

G* V. Muellers The writer votes emphatically for the princi¬ 
ple of regarding lagging reactive power as negative, that is, draw¬ 
ing it downward from the right-hand end of the kilowatt base. 

H. K. Htnnphreys The presentations by Doctor E. B. Silsbee 
and J. Allen Johnson, of arguments for considering lagging re¬ 
active volt-amperes positive and plotting them upward in vector 
diagrams, Ei/BCtbical Enginubbing, April 1933, pp. 259-267, 
have convinced the writer that this “practical” convention (Sils- 
bee’s JRG)isbetterthan the “academic,” heretofore favored. Never¬ 
theless, it certainly is natural to feel that volt-amperes partake 
more of the nature of amperes than of volts, and to wish that, 
in addition to the advantages of logical sequence set forth by 
Silsbee and of correspondence of meter readings given by John¬ 
son, we might also find the volt-ampere vector falling parallel 
to the current vector. It may be worth while to search our 
memories for reasons why all these advantages may not be had; 
the search will carry us back to 1911, when oxir convention as to 
rotation of vector diagrams was adopted. Until then, there was 
not only the “crank” diagram which we now use, but another 
in which the vectors were conceived to be standing still with 
time progressing in the positive direction past them; in fact, the 
vectors merely were the diameters of the circles resulting from 
plotting the sine-wave quantities in polar coordinates. Accord¬ 
ing to this convention, a lagging current was plotted upward, 
in the first quadrant. Considerable confusion restated from the 
fact that about half the engineers used one of these conventions 


and the other the opposite, so that in 1911 it was thought 
desirable to end this confusion for all time by adopting one or 
the other. At that time, there was no solid basis upon which a 
choice could be made; either method was a purely arbitrary 
convention having, in spite of the interesting though specious 
reasoning presented in argument, no advantage over the other 
except the habit of the individual user; indeed, each argument 
could be boiled down to something like, “I learned this conven- 
• tion, and it is perfectly clear to me that no other can be natural.” 
Under these conditions, the matter was settled in the only way 
it could be fairly settled, that is, so as to disturb the smaller num¬ 
ber of established habits. We can see now that it was unfortunate 
that the majority had learned the “crank” system, defended by 
Professor Kennelly; but the minority, led by Doctor Steinmetz, 
relearned their vector diagrams, and found that the task turned 
out to be easier than they had feared. 

The real arguments came only years after the decision. There 
are two of these, it seems to me; one is the fact brought out 
above, that, were lagging current positive, then lagging reactive 
volt-amperes would naturally be positive, and would have 
naturally aU the advantages claimed by Silsbee and Johnson, 
and in addition would look, in vector diagrams, like lagging 
current. The other advantage of the now discarded convention 
comes in the numbering of polyphase vectors to show phase- 
order. It is without doubt more natural to number these in the 
counter-clockwise order, just as we number the quadrants in 
trigonometry. This is not merely a quirk of my own mind, for 
each year I introduce the subject of unbalanced three-phase 
systems to students famiUar with trigonometry and with crank 
Vagrams; with this background only, they are asked to draw 
and number a set of three-phase vectors. This I have been doing 
pretty regularly since 1916, and invariably the result has been 
what we must call the negative or reverse phase-order. It would 
be considerably better if the natural order were positive and 
direct; had Doctor Steinmetz’ convention happened to prevail, 
this would have turned out to be the case. 

It seems that we made a bad bargain. We did get rid of the 
confusion due to the simultaneous existence of the twc) conflicting 
vector conventions, but it would have been better to tolerate that 
confusion for 7 or even 20 years; for now we must go on forever 
using unnatural volt-ampere diagrams and teaching students 
that their instincts, trained in trigonometry, are negative and 
reversed. I wish sincerely that T could feel that Doctor Silsbee’s 
statement were not true: “The sign of X is the result of purely 
arbitrary choice, made so long ago that there seems little need, 
or hope, of changing it.” Yet I suppose that he is right, for much 
as I should like to, I hardly dare propose now that we go back 
and change aU our vector diagrams again. But does not the 
situation in this matter emphasize the unwisdom of making an 
arbitrary choice too early, the wisdom of waiting until we can 
know where our choice willlead? 

V. G* Smiths It has been said that the professorial group is 
almost unanimously in favor of calling reactive power due to 
leading current positive. The reason is not hard to find. 

Pig. 13a shows a usual vector diagram with currents leading 
the voltage the details of which are fixed by accepted conven¬ 
tions. When it is desired to draw the corresponding power 
dijagram it may be drawn either as in Fig. 13b or n. Pig. 13b 
clearly is preferable to n, because in appearance it is exactly 
similar to a. Prom one point of view the only difference between 
the current diagram and the power diagram is that the scales are 
different. Why, just because the current components are multi¬ 
plied by the voltage should the diagram be inverted and the 
apparent rotation reversed? 

Pig. 13i> corresponds to c in which voltages are plotted with 
respect to a current. This type of diagram belongs to fche series 
circuit in which the current is thought of as the cause of the 
potential differences. 

It makes little difference to the man who is working with re- 
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jict'ivo j)ow<*r coustiiuUy wliich coiivoiiliou is eliosou but it would 
bo vc'rv OlinfusiuK to stiHlciiits to liiivo t(J iiso oiio couvoiitioii lor 
oum'nis nnd tho ttpposito, at loiist in appearance, for reactive 
power. 

H. W. Prices It is remarkable that all th<> papers and discus¬ 
sions on what is to be measured and how to measure have been 
eontribuU'd only by ou(?ineers of electrical ser%'ice companies and 
manufacUirers of oii'ctrical etpiipiuent, and by men in standardi/.- 
iuK and acadimiic work, 'riu-re lias bwm no one to in^prcsont the 
millions of consumers of electrical enerK.V, the Kreat ({roup whoso 
payments make possible thi' entire electrical industry. 'IMie con¬ 
sumers should he represi'iltetl. 

In the writer’s opinion t here are two fundaimuital plumes of the 
((uestion iif delluitions of units, which should not be overlooked 
by any committee endea,vorin{{ to find final rophw,ement.s for t he 

(lid contradiclory A.I.E.R. definitions: 

1. Delinitions «)f active and reactive powers an<l a.etiv<i and 
reactive cnorBies for statutory authorization, chosen to include as 
accurately as possibht tlu^ Renoralized cii.se of non-sine waves of 
voltuKO and current, and unbalanced load in polyplume circuits. 
The unbalance miKht properly, if necessary, involve t'xtra fiwstors 
to be defined. The apparent tendency to ba.se delinitions on con- 
venumt approximaU' methoils of metrrinB is, in the writer’s 
opinion. wr«m({. Tin* fact that voltiwo usually is measured 
commerciallv by an orilinary voltmeter is no reimon whatever 
UKainst international definitions of voltaKc and the lust Imiit ol 
precision in national and international didinitions of the vo t. 

2. (%)rreKiMmdin({ statutory workint; ilefinitious with sufficient 
tolerance U» cover the deficiencies of the present state of the art 
of metcrinfr in commercial circuits, haviiiK rcRard also to the tact 
that individual consumers usually cannot afford ineterinK eiiiut)- 
ment quite suitable for a larKC inaiiufacturinK industry or a 


non-sine waves of voltage and current. Any definitions made for 
the generalized circuit should reduce to the corresponding defi¬ 
nitions for tho simple type of circuit above. 

The average power is at om: disposal, and we must set up a 
definition for apparent power, or reactive power, or power factor 
in order to determine the triangle. There are several matters 
that should be given some thought before any definition is 
considered. 

1. The generalized definitions will help the engineer very little 
in designing circuits and machinery and in predicting their 
performance. 

2. The principal use of the generalized definitions will be in 
adjusting power rates. 

3. The definitions must depend only on voltage and current 
measurements that can be made where the line enters the custom¬ 
er’s premises. 

4. There is need of postulating a conservation of reactive 

power law, we may do so if we desire, but there is no natural or 
physical reason for it since reactive power is a parameter instead 
of a physical magnitude. _ _ 

5. Tho method of fixing the rates by the generalized deflmtiona 
will bo intended to persuade the customer to keep his load 



municipality. , . i 

The definitions under (1) should be ns nearly ns inissiblc Jmal, 
so that those working in tlmorelieal tuid dcvelopimmt Helds may 
not he hampered hy changing fundamental definitions. Wefim- 
tions under (2) can be modified when necessary at long intervals 
as the art of accurate and oeonorn ical measurement develops. 

It is a fact that n - 1 ideally correct wattmeters properly 
connected In a circuit of n conducUirs can correctly measuns the 
average rate of transmitting ‘‘lu-livo” energy through the circuit, 
regardless of wave forms and unbalance. It is equally a tact 
that the very properties which enable the wattmeters to measure 
thus, hv disregarding all fundamenUl and harmonic voltage n,nd 
current products and cniss products not contributing to active 
How of energy, prevent them from measuring average rate ot 
reactive flow of energy no matter how they may be connected. 
The meters that ignore such products when connected m one 
wav cannot include them when connected another way. Never¬ 
theless those products are properly to be included m reactive 
definitions because t.hey cover flow of energy not contributing 
to “active” power. The definitions under (1) should cover our 
best undersUnding of physical facts related to flow of 
The subsidiary definitions under (2) sliould ineludo tolerance to 
cover practical needs of commercial measuring. 

H. Sohont In any single-phase load with suiusoidal volt^os 
and currents there are certain physical magnitudes and certain 
convenient parameters that can be mensurod. ^ 

The plivsical quantities include: instantaneous voltages in¬ 
stantaneous current; phase angle between voltage and current; 

in.stnntnneous power; and average power. 

The parameters include: effeetive eurrent; effective voltage, 
apparent power; reactive power; and power fimtor. 

The relations assigned to these various items give the well 
known power triangle. Any quantity in the power Wangle can 
be measured directly, and the same triangle will bo obtained no 
matter which pair of magnitudes is used as a basis. 

It is desirable to sot up a similar typo of triangle ‘ 

ized circuit such as an unbalanced polyphase cinmit containing 




Pio. 13 

balanced, and to keep the harmonics as small as possible. Any 
summation for reactive power which would let one haimomo 
effoet oan(?el another obviously is unfair to the power compai^. 

6. Perhaps if the term penalty factor were introduced to 
replace the term power factor for the generalized circuit the 
theoreticians would find a definition based on these considerations 

more acceptable. . j «4. 

No doubt there are many definitions that can be arrived at 
which satisfy the requirements set forth above. One set of 
generalized definitions is given below i 

Apparent power nBI volt^pere rating 

Average power P averse power 

Power factor P/jnEI) penalty factor 

Reactive power (nJ5I)* — P* penalty power 

whore n is tho number of phases, E is the maximum effwtive 
voltage from ground to any of the lines, and J is f^e ma^um 
effective current in any of the lines. There aho are listed altema. 

tive names for some of tho parameters defined. 

J. E. Clemi This discussion is based on certm fund^ento 
conceptions and it seems expedient to present them so that tho 

discussion wiU be understood in the way it 18 intended. 

The mathematics used in altomatmg-ourrent theory is m 
reality more or loss ot an experimental nature. That is, certain 
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methods in mathematical manipulations have been found to 
agree with observed results. It has been observed that the volt¬ 
age and current in the simple alternating-current circuit vary 
with time and it has been noted that the best results in operation 
and calculation are obtained when the variation is made sinu¬ 
soidal. It has been found also that certain operations can be 
performed upon the current and voltage according to the rules 
of vector algebra and the correct result obtaiaed. For instance, 
the scalar product of two vectors is defined as the product of the 
vectors times the angle between them and this gives the power 
in watts. Also the vector product i^ defined as the product of 
the vectors times the sine of the angle between them and this 



i «I Oos <ai e ^ E cos (at 

OA ^ It »Et OA « JSr - Jr 

Cr — Pr Cos (at ir - Ir Cos cat 

XOA ^(at XOA •(at 

ier «(1 + Cos 2 eat) eir • (1 + Cos 2 cat) 

OW • WWo - ^ ■ OW - WWo - 

XWWo •2(at XWWo ^2 (at 

gives the reactive power or the quadrature component of the 
volt-amperes. It has a positive or negative sign depending upon 
whether the angle between the two vectors is positive or negative 
as measured from the reference vector. It has also been observed 
that certain operations can be made according to the rules of 
complex numbers. 

There is a tendency for many people to consider that the j part 
is a mathematical expression as an imaginary quanti;^ or, as 
some are pleased to call it, a mathematical fiction. Such is not 
the case, since usually there is some physical fact back of most 
such expressions. For instance, consider an inductive circuit. 
The drop across the inductance depends upon the rate of change 
of current in it and the rate of change is maximum 90 deg before 
or after the current maximum. This 90 deg phase relation can 
mathematically be expressed by use of the symbol j and jx cer¬ 
tainly is not ian imaginary quantity but in reality is a quadrature 
quantity as compared with resistance. 

[^Instantaneous power always is the product of the instantaneous 
voltage and mstantaneous current. It is obvious that the power 
is a double frequency phenomenon, since for the simple resistance 
circuit it would be maximum when the current and voltage are 
maxmum in the positive direction and again maximum when 
they are maximum in the negative direction and since this kind 
of power has no negative values such a variation calls for a double 


frequency. It is known that with certain circuits the current 
maximum does not occur at the time of voltage maximum but 
occurs 90 deg later or earlier. If there is an inductance in the 
circuit the voltage across the ip.duotance depends upon the rate 
of chaise of the current. In this case also the instantaneous 
power is the product of the instantaneous values of voltage and 
current but since the maximum values occur 90 deg apart, the 
power win be positive or negative depending upon the time 
position. Since the power will be zero for each current zero and 
also zero for each voltage zero, there will be four zeros for each 
complete voltage or current cycle which again requires double 
frequency. The power taken by such a circuit is a real power and 
is fed into the inductance for half the power cycle and then is fed 
from the inductance to the circuit for the other half of the power 
cycle. 

There has been considerable thought expended in an effort to 
define reactive power and it seems that the best approach to this 
would be to decide first just exactly what reactive power is. In a 
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Current reference (Fig. 18) Voltage reference (Fte. 19) 
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purely resistance circuit the product of volts and amperes gives 
watts. If there is reactance in the circuit in addition to the 
resistance, the product of volts and amperes gives a quantity 
larger than the watts. If there is a rectifying device in the circuit 
there is another difference and in this case the difference between 
watts and volt-amperes should not be ascribed to reactance or 
called reactive power. For the single-phase case suitable defi¬ 
nitions have been given in Professor Smith’s paper. The exten¬ 
sion to polyphase circuits requires further study. 

There has also been considerable discussion as to whether the 
reactive volt-amperes in an iuductive circuit should be considered 
as positive or negative. This is a waste of time because there are 
enough previously adopted conventions to indicate which sign 
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iiegativt^ and the inductive volt-aniporos automatically will have 
a negative sign. This is very wc*U illustrated in the diagrams in 
Figs. 14-17 in which the current and voltage are represented 
trigonomotrically and exponentially. 

Mr. Fortescue limits himself to the use of the current or the 
referenco vector when he sot.s up an equation (2) which gives the 
power in an alternating-eurroiit circuit and then arlntriurily con¬ 
siders only part of that equation (3) for the rest of his argument. 
This arbitrary step nullilies much of the subsequent discussion 
because if ho had used voltage as the basis of rofereiice, a different 
result would have been obtained in (3) as is evident trom the 
proceeding table. 
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In this table the argument presented by Mr. Fortescue in his 
equation (3) or Table III is completed and also extended for the 
case where the voltage is the basis of reference. 

It is illuminating to apply the energy storage argument to a 
parallel circuit of resistance and inductance such as the r and L 
part of Pig. 19. Obviously the energy dissipation in the re¬ 
sistance occurs when the current in and the voltage across the 
resistance are at their maximum values. Now the current in the 
inductance lags 90 deg in respect to the voltage and since the 
maximum rate of energy inflow to the inductance leads the 
current by 90 deg, it is in phase coincidence with the maximum 
rate of energy dissipation in the resistance. Therefore, it is 
obvious that the stored energy in the reactive part of the circuit 
as used by Mr. Fortescue is an unsound criterion for determining 
the sign of reactive volt-ampere. 

V. G. Smiths In suggesting P/ V F® + Pr as the definition of 
power factor the writer had in mind the approximate measure¬ 
ment of Pt by a wattmeter as is usual at present. If the sug¬ 
gestions of Messrs. Herskind and Smith were adopted power 
factor would become a “blanket** definition covering reactive 
power, distortion, unbalance and mesh distribution. 




Current reference (Pig. 18) 
Trigonometric symbolism 
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Voltage reference (Pig. 19) 
Trigonometric symbolism 
OA ^E 
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These four things cost differently, distortion goes back to the 
generators with little chance of correction, reactive power may 
be generated locally by condensers, and unbalance and mesh 
distribution may be corrected by a judicious arrangement of 
customers* loads. It seems then that the one factor is insufficient 
to cover such a diversity of conditions. 

Professor Karapetoff certainly is correct when he asserts that 
the complete physical information about a circuit is given only 
by the instantaneous currents and voltages. But, given a perfect 
set of oscillograms, one would be in the position of a statistician 


with a mass of data, complete but incomprehensible until a few 
significant quantities have been extracted. This is one reason 
why these quantities and factors are worth defining. 

G. L. Fortescues This closing discussion is confined to the 
much discussed question of the appropriate sign for reactive 
power as expressed in vector notation. In other words shall we 
use S conjugate / or / conjugate E. It is not a question of which 
is right because, as the writer has pointed out many times before 
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Fig. 17a 
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In the dynamic theory of currents 2 kinds of forces are recog* 
nized, besides those arbitrarily imposed on the system, namely 
conservative and nonconservative. In linear circuits the non¬ 
conservative forces are directly proportional to the velocities or 
currents whjje the conservative forces are proportional to the 
displacements (changes) or to the accelerations (rate of change 
of currents). In the Lagrangian equations of the system and the 
same equation obtained by the application of Kirchoff and Lenz 
laws, the impressed emfs are equilibrated by these forces, and 
the set of equations so obtained completely specify the electrical 
system. 



Fig. 17b 

Voltage roforenco (Fig. 19 )—Trigonometric symbolism 
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Fig. 17d 

Voltage reference (Fig. 19)—^Exponential symbolism 
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Each equation of the set of equations so obtained represents a 
series circuit having the characteristics of the simple series circuits 
discussed in the paper and therefore the arguments given in that 
paper apply with equal force to the more general systems of 
equation comprising both positional and motional conservative 
forces as well as nonconservative or dissipative forces. The 
operational solution of these Lagrangian equations gives the 
reciprocal system of equations in which the velocities or currents 
are given in terms of the impressed emfs but these equations can¬ 
not be considered as fimdamental, since we cannot define con¬ 
servative and nonconserva^tive motions. In other words, these 
equations cannot be derived from Hamilton’s principle without 
the intermediate step of obtaining the Lagrangi^an equations of 
motion or what is the same thing, the equivalent equation ob¬ 
tained by Kirchofi and Lenz laws. 

These equations when dealing with harmonic impressed emfs 
may be escpressed in equivalent vector form. Thus the Lagran¬ 
gian equations for the simple circuit that is shown in Fig. 20 are: 

+ I ( 1 ) 


B =» f2®2 


These equations may be expressed in vector form in either of 
the two forms 

S ^ (Xi + jxi) Ii \ 

M = rJi ^ ) O) 

^ “ (ri - \ (Sa) 

i = rjt / 

Equation (2) being in terms of positively rotating vectors and 
(2a) being in terms of negatively rotating vectors and xi in each 
case being equal to 2irfLi where / is the frequency 
From (2) we have 

SI I — Pi+iQi = (ri +y®i) 1 

J??2 = P2 = /2*r2 [ (3) 

Pi "h P2 +iQi = Tih? + J 


Prom (2) we have 

Sh = Pi - jQi = (ri - 3 ^ 1 ) • ] 

SI 2 * P 2 f (3a) 

Pi -j- Pj —jQi *= Tili^ -h ^* 2 / 2 * J 

Definition (3) is associated with a system of positively rotating 
vectors, whereas (3a) is associated with a system of negatively 
rotating vectors. These vectors hh tit 2 are derived vectors and 
should not be used to determine the direction of Qi. Equations 
(2) and (3) should give a satisfactory answer to Mr. Clem’s 
criticisms since his multiple circuit and for that matter, any 



Fig. 18 


T 

£ 




i|:i« c^=.ic 


Fig. 19 


multiple circuit is simply a number of series circuits each of 
which fulfills the criterion set up in the paper. The total power 
is obtained by the sum of the powers in the individual circuits 
and the total reactive volt-amperes is the sum of the reactive 
volt-amperes of each individual series circuit. 

Referring now to Mr. Alger’s discussion, he says ''in dealing 
with constant current systems, it is the general practice to use 
equation (2)” of his discussion. This may be the recognized 
practice with constant current systems, but it is also the general 
practice with constant potential systems. In a complex network 
the self and mutual admittances are derived constants into which 
many of self and mutual impedances enter. These latter con¬ 
stants of the system are derived from the resistances, the coeffi¬ 
cients of self and mutual induction and the coefficients of poten¬ 
tial and these are the fundamental constants of any electrical 
system. The fundamental equations of a linear electrical con¬ 
stant potential system are therefore of the form defined by his 
equation (2). The admittance equations are the reciprocal or 
derived equations. Both systems of equation are useful in 
technical work. 


e 



Fig. 20 





Contrary to the opinion implied in Mr.. Alger’s discussion the 
use of the term “lagging power-factor generator” for an over¬ 
excited generator is completely in accord with the definition 

This is expressed in the old conventional diagram shown in 
Fig. 21. There it is plain that the true power lags behind the 
apparent power, so there is no inconsistency in the diagram. 
Such a generator delivers 'positive reactive volt-amperes to the 
system. Similarly, a synchronous condenser might aptly be 
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termed a reactive power generator, for when .it is overexcited it 
•delivers positive reactive power to the system and when under- 
excited it receives positive reactive power from this system or 
delivers negative reactive power to the system. 

It is hardly necessary to point out that in the Lagrangian 
system of equation for linear circuits each impressed force may 
be considered independently of aU the others so that when 
harmonics are present there are as many power factors as there 
are harmonics. Similarly an inphase system with grounded 
neutral requires n + 1 equation to define it for sinusoidal im¬ 
pressed emfs so that it requires as many factors to completely 
specify it under unbalanced conditions. 

J. Allen Johnsons It is apparent from the discussions by 
Messrs. Sanderson and Comey, that operating men are in general 
agreement with the philosophy and practice presented in the 
writer’s paper. From this point of view, there seems to be no 
■disagreement and hence no rebuttal is necessary. However, the 
papers and discussions seem to indicate considerable uncertainty 
as to the facts regarding reactive power and the relation of these 
facts to the conventions established or to be established in regard 
to it. It therefore may be of some service in resolving and clari¬ 
fying these questions for an engineer with the operating point of 
view to make an attempt to analyze the facts and relate them to 
the conventions. 

1. Let us start by recalling one or two fundamental concepts 
and defining the terms we must use. 

A. Tt is energy that flows, not power. Power is the rate of 
flow or conversion of energy. 



B. There are two concepts of “active power” which may be 

named and defined as follows: 

(1) Real active power is the rate of flow (or change of form) 
of that part of the energy which is beii^ conve^d into some 
other form, such as heat, mechanical work or radiation. 

(2) Apparent active power is the apparent rate of flow of 
active energy which results fpom the assumption that the 
active power is “in phase” with either the total current (pme 
series circuit) or with the total voltage (pure shunt circuit), 
the term “in phase” in this sense meaning comcidence ot 
maximum values. The average value _ of the aPP^ent 
active power” is the same as that of the real active power 
although their instantaneous values may differ. This average 
value El cos 6 is the value most commonly referred to. 

C. There are 3 concepts of “reactive power” which may be 

ucimcd and defined as follows: «^ i. rv 

(1) Real reactive power is the actual rate of flow (or of ehang 
of state) of that part of the energy (reantiye) wMoh 
going cyclic change of state from, dynamic to static and vice 

Apparent reactive power is the apparent rate of flow of 
restive eLrgy resulting from the assumption tlmt the active 
power is “in phase” with either 

circuit) or the total voltage (pure shunt mmuit), the term jn 
oliase” in this sense meaning coincidence of maxnnum values. 

the current or voltage vector is used as a reference. The avei> 
age value of “reactive power” is zero. 


(3) Fictitious reactive power is the reading of a correctly 
connected reactive kva meter. It is the average value of a 
harmonic having an amplitude equal to that of the “apparent” 
reactive power but with its neutral position displaced from 
zero by an amount equal to the maximum amplitude of the 
“apparent” reactive power wave. The name “var” has been 
adopted as the unit of this fictitious power. 

D. “Real” and “apparent” power, both active and reactive, 
can be thought of in two ways namely: 

(1) With respect to the point or plane of measurement, 
as rate of energy flow. 

(2) With respect to the circuit measured, as a rate of energj’' 
conversion. 

2. There are several questions that require answers for the 
clear understanding of reactive power, viz,: 

A. Are there any such things as “real” active and reactive 
power? 

B. When current lags does reactive power also lag and if so 
what does it lag? 

C. What are the relationships between the several kinds of 
active and reactive power above defined? 

D. Which of the above kinds of reactive power is it, the sign 


of which is under discussion? 

E. What is the physical meaning of this sign? 

3. As to question (A), Mr. Wright’s discussion would seem to 
settle question in the affirmative. Simultaneous instan¬ 
taneous values of (e) and (i) are real, hence their product must be 
real. Similarly instantaneous values of (i*) times (R) are real. 
Both of these measure instantaneous values of power in watts. 
Their arithmetic difference then cannot be other than watts, 
and if this arithmetic difference can be identified with the re¬ 
active power” then the reactive power must be real and ex¬ 
pressible in watts. This identity has been established, which 
proves that energy transformations of the nature defined do take 
place. The magnitudes and time phase of the real reactive power 
do not usually coincide with those of the “apparent” reactive 
power unless the “real” active power cycle actually is “in phase” 
with either the voltage or the current. 

4. Question (B) also wfll be answered by further reference to 
Mr. Wright’s discussion. 

It will be observed that, in the simple series circuit he has 
assumed, the active poww, iV, is “in phase” with the total c^ 
rent (in the sense that its maximum values are simultaneous with 
those of the current). The maximum values of the reactive 
power, in this case had those of the active power by 90 deg m the 
double frequency power cycle. However, had Mr. Wright as¬ 
sumed a simple shunt circuit in which the resistance and re^tanee 
were in paraUel, the voltage and total current remaining the 
same and in the same phase relation, then the active pow 
component of the total power would have been “m phase with 
the total voltage instead of with the total current. The ciye of 
iastiuitaneous total pow would have been the as brfore 
and the reactive power wave would have lagged 90 deg behind 
the alternating component of the “active” power wave. It may 
thus be deduced, that in a complex circuit involvu^ combinations 
of series and parallel inductive impedances the ^tematii^ rom- 
ponent of the “real active power” wave may be m phase w^th 
Lite the voltage nor the current, and the real inductive readm 
power wave either may had or lag the aUemating component of the 
active power (in the double frequency cycle) by 90 deg. 

Thus we are forced to the conclusion that, while in any specific 

case thereisa“real” active power wave at double system toqueney 

and a “real” corresponding reactive power wave, there is “ ^y 

of determining, from measurements of the total o^nt, voltag 

and power, either by rms instte^ts or by 

the instantaneous magnitudes and phase 

“real” waves are, either with respect to the current 

or with respect to each other. That is to fay. so fax “ 

ot measurement is concerned, the only “realities” are the m- 
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stantaneous voltage, current and total power and their rates of 
change. What is meant by ‘‘reality^* in reference to active and 
reactive power refers to the instantaneous rates at which energy 
is bei^ “actively” and “reactively” converted in the circuit 
being measured. 

5. The relationships of question (C) perhaps will become clear 
if we write the complete escpression for instantaneous total power 
using any reference cot o such that the angle between E and 
the reference is cx and the angle between I and the reference is 
(0 + Ck). Then we have: 

e =» Em cos (cot — a), the instantaneous value of voltage. 
i ^ Im eos (cat — (0 + cu)), the instantaneous value of current, 
whence, after expanding and substituting rms values we have: 
ei “ EIl(eos ^H-cos (2a+0) eos 2o)t)+(sm(2(X-\-d) sin 2cot)] 
i£ <X — 0 (which assumes active power phase*' with voltage) 
we have: 

ei EI [(cos 6 4“ eos 6 eos 2(j0i) + (sin 6 sin 2M)\ 

P + P cos 2(at + Q sin 2(j0t 

if o: = — 0 (which assumes active power in phase with current) 
we have: 

ei ^ EI [(cos 6 cos 8 cos 2coO — (sin 0 sin 2<ot)] 

« P -h P cos 20)t - Q sin 2coi 

for most other values of a the coefficients of (cos 2 cot) and 
(sin 2 cot) will have values other than P and Q respectively. 

The first 2 terms of the above equation involving (EI cos 6) 
represent the “apparent active power” and the last term in¬ 
volving (EI sin 6) the “apparent reactive power.” It will be 
noted that the active power is the sum of a constant and a harmonic 
vaHdble, When either current or voltage is used as reference the 
amplitude of the harmonic is equal to the constant, but this 
relationship does not hold for the general ease. The reactive 
power contains no constant term. 

It thus appears that when we use either the current or the 
voltage vector as a reference, we are simply making an entirely 
arbitrary assumption that the active power is “in phase” respec¬ 
tively with either the current or the voltage. The actual “reality” 
may be either the current or the voltage or neither. One of these 
arbitrary assumptions maJces the resulting “apparent” inductive 
reactive power negative, the other positive. The “real” reactive 
power may either be positive or negative with respect to the 
active power, but we cannot tell which. 

We can however, by maJdng either of these arbitrary assump¬ 
tions determine certain values, viz,: 

A. The average value (EI eos 8) of the total power. 

B. The average value (EI cos 6) of active power (both “ap¬ 
parent” and “real”) since this is the same as the average value 
of the total power. 

C. The maximum amplitude (EI eos 8) of the alternating com¬ 
ponent of apparent “active power.” 

D. The maximum amplitude (EI) of the alternating com¬ 
ponent of the total power. This is equal to the so-called “ap¬ 
parent power” or “total volt-amperes.” 

E. The average value (EI sin 8) of the “fictitious” reactive 
power. This is the quanti^ registered by a reactive kva meter. 

P. The maximum amplitude (EI sin 8) of the “apparent” 
reactive power wave. The average value of this wave is zero. 

In order to clear up this whole subject it seems necessary to 
correct what seems to be a slight misconception contained in 
Mr. Algeria discussion. Mr. Alger says 

“Active power flows continuously in the same direction in 
each conductor of the system, while reactive power flow alter¬ 
nates in direction in each conductor at double line frequency. 
The combination of active and reactive power is, therefore, 
exactly analogous to that of the direct and alternating com¬ 
ponents of a pulsating unidirectional current. In each case 
the two quantities have different frequencies, and so cannot 
properly be represented by vectors in a common time diagram. 


No physical reality can be ascribed to the angles in a right- 

angled tnangle representing the a-c and d-c components of a 

pulsating current. * * 

In the case of the active power, the expression “flows con¬ 
tinuously” is true only in the sense that the flow of active energy 
does not reverse in direction. The active power does however, 
pulsate at double frequency between the values of o and 2P, 
where P is its average value. It is the average value, P, which 
we think of as measuring the rate at which energy is “flowing 
continuously” but this value has no physical instantaneous 
reality except twice in each cycle. 

As a matter of fact the active power alone and of itself contains 
both a constant and an alternating term as above pointed out and 
hence corresponds to a combination of a direct and alternating 
current. 

Obviously there is no angle involved between the constant 
term P and the harmonic Q sin 2o)U However, there is a definite 
angle between P cos 2 cot and Q sin 2 cot which are both double 
frequency harmonic functions. 

Where P and Q are used as the sides of a right angled triangle, 
it is the (P) appearing in the second term of the above equation, 
not the constant term (P) which is used. The resultant of P H- () 
is the total volt-amperes EI which is the maximum value of the 
alternating component of the total power, that is of EI cos 8 
cos 2(Ot dz EI sia 8 sin 2coL 

6. From the above discussion there emerge some rather definite 
conclusions, namely: 

A. Active and reactive power are physical realities^ but the 
phase relations between these physical realities and the moa.sured 
pressure and current at any point in a circuit or between eaclx 
otiier cannot be determined from these measurements. “Real” 
inductive reactive power either may lead or lag the “real” 
active power. 

B. The average values of active and “fictitious” reactive power 
can be determined by arbitrarily choosing a reference vector to 
which the measured current and voltage of the circuit may be 
referred. 

0. For most convenient mathematical treatment either the 
current vector or the voltage vector can he chosen as the reference 
vector. This choice is entirely arbitrary and whichever is most 
convenient in the particular case can be chosen. 

D. Instantaneous values of “apparent,” active, and reactive 
power resulting from such arbitrary choice of a reference vector 
usually do not correspond to physical reality. The actual physical 
values may lead or lag the “apparent” values by any time phase 
angle whatever, and may differ from them in amplitude. 

E. The resulting algebraic sign of the “apparent” reactive 
power entirely is a function of recognized conventions and the 
arbitrary choice of a reference vector. 

F. “Real” reactive power either may lead or lag the “real” 
active power, and the “apparent” reactive power either may 
lead or lag the “apparent” active power depending upon an 
arbitrary choice. That is, inductive reactive power may, both as a 
physical fact and as a mathematical appearance either lead or lag 
the active power. 

7. The measurement of the total power P — EI cos 8, is a 
relatively simple matter, since the thing we measure is the aver¬ 
age value of P -h P cos 2<ot * Q sin 2cot. Since the average value 
of the last two terms is zero the instrument reads only (P) the 
constant term. The reactive power, alone, EI sin 6 sin 2cot 
however, having an average value of zero, is more difficult to 
measure. It is necessary to produce a fictitious voltage, in 
quadrature with the actual voltage, thus giving us a fictitious 
consine function, EI cos (90 deg — 8), wliici we can measure 
with the same kind of a device we use to measure the value of 
EI cos 8, The quantity we actually measure is the average 
value of EI eos (90 deg — 8) EI cos (90 deg - 8) cos 2cof 

EI sin (90 deg — 8) sin 2(01, This has the same numerical 
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value as the maximum amplitude of tlie hannoriie function repre¬ 
sented by Kl sin 0 sia 2 cob tho “apparent** n^active. power. 

However, tliis Q = El cos (90 deg - 0), although fictitious, 
is a useful conception, and its nieasureinont a useful aceoinplish- 
nuuit, because tho direction of its apparent flow with reference 
to the circuit depends upon whether the current lags or loads the 
voltage, that is, when tlie current lags behind tho voltage the 
appanmt direction of How of (Q) is positive, and when tlio cur¬ 
rent leads, the coiTesp(»nding apparent How <.>f (Q) is negative. 
Tlius an indication of the magnitude and apparent direction of 
ilow <d* (f^) gives us a guide for the control of the nnignitudo and 
direction of angular diaplnccmcnl of the reactive enrreuL 

Now, having discovered this fictitious entity (Q) and having 
found a use lor it, and a method of controlling it, the question 
apparc‘ut,ly arose as to what to call it. Our foreign friends ap¬ 
parently answered this quostion by calling it “var.** The 
instJiiitaneous values of “roar' and “apparent*' reactive power, 
liow(iver, are still watts. If this distinction is recognized we can 
wholeheartedly adopt the name “var*' for t.he fictitious entity, 
keeping the name “reat^tivi^ watt’* to <lesigriate tlm rate ol trans¬ 
fer of roa< 5 tive energy, whonovcu' we liave to refer to iliis phenome¬ 
non. W(» can then blitliely and happily proctKjd to dispatch our 
“kilowatts” and “kilovars” forgetting all about “active** and 
“reactive” realities. The writer is inclined to think that this 
is tlie answ<»r from the operating standpoint. However, j)erhaps 
we sliould not <tall kilovars reactive power. In the paper, the 
writer sjKdie (d‘ “n»activ(‘ kilowatts,” having in mind tho actual 
transfer of rea<d.ive enc*rgy. Now whili^ tho arithimaic value of 
the fieJilious entity (( 4 ^) wliicli we measure as El cos (90 dc^g - 0) 
is iUe same as that of tlu^ maximmn amplitude of El sin 0 sin 2o)l 
the two entities are not tl»e same. OiM^ repre.senis a i)liyHical 
realit.y, whose avtuvigt? value is 0 , tlu* otlier is a Ihditiuus unreality, 
who.se average value is (Q). The perception of this distinction 
seems necessary for uuro.sorvod psychological acceptance of tho 
iiame“var,” 

8 . In (»rder tt> answer questions (D) and (E) as to th<^ sign 
of reactive power, it would .seem that the first osstmtial should be 
to didine (dearly wliich reactive* power is nderred to. 

I, Is it the “real** reactivt^ pow((r, that is, tlu^ rate of con¬ 


version of reactive energy 



in kilowatts? 


2. Is it the “apparent” reactive power (El sin 0 sin 2o)t) in. 
kilowatts? 

3. Is it the “fictitious” reactive power, Q, that is, the average 
value of (i) times ( (c) 90 deg earlier or later) in kilovars? 

All 3 of these entities have been referred to as “reactive power.” 

The second essential would seem to be to define which “sign” 
is meant, sign ( 1 ) referring to direction of flow or sign ( 2 ) refer¬ 
ring to angular displacement. If it is the real or apparent re¬ 
active kilowatts which are concerned then sign ( 2 ) must be 
meant since reactive kilowatts have no average direction of flow. 
If it is the “kilovars” which are involved, then sign (i) referring 
to the apparent direction of flow of the average value of the 
fictitious entity (Q) must be meant. 

If the writer’s understanding is correct the latter is the case. 
In that event it would appear that the kilovars should be con¬ 
sidered positive when they appear to flow in the same direction 
as the kilowatts (active) (which from the operating standpoint 
is the case when the current lags the voltage) and negative when 
they appear to flow in the direction opposite to that of the kilo¬ 
watts, (which is the case when the current leads the voltage). 

' Whether or not those suggestions are consistent with the exist¬ 
ing conventions and the mathematics they appear to the writer 
to be in acc<jrd with logic and common sense. It certainly is not 
common sense to have the positive kilovar output of a generator 
appear to decrease when its field current is increased but this is 
exactly what occurs if kilovars are considered negative when 
current lags, and meters are connected accordingly, following the 
usual right (-f) and left (- ) conventions. 

The above discussion may be of assistance in resolving some of 
the confusion that seems to exist as to the physical facts relating 
to reactive power. It would seem that if these facts can clearly be 
perceived and understood then the matter of the sign should 
I^rotty well settle itself. 

The writer wishes to acknowledge the assistance of Mr. S. H. 
Wright in preparing this discussion. 



Testing of High Speed Distance Relays 


BY E. E. 

Member, 

Synopsis*—This paper describes the various test methods which 
have been evolved during three years by The Tennessee Electric Power 
Companyt which pioneered the use of reactance type distance relays 
in this country. Specific examples with diagrams are given. 

New considerations brought about by the use of high speed distance 


A dequate testing of high speed distance 
relays is as necessary as the adequate inspec¬ 
tion and maintenance of any other electrical 
equipment. The type and frequency of testing will 
vary with the nature or purpose of Uie test. Relay 
tests may be classified as follows: (1) acceptance; 
(2) installation; (3) periodic; (4) surveillance; and 
(5) development. 

Acceptance tests are made to check each individual 
shipment of relays as received from the manufacturer. 
Such tests are usually made in the power company’s 
laboratory, and serve to determine whether the relays* 
are in good condition and whether they meet the 
customer’s purchase specifications (if any) and the 
manufacturer’s guarantees. 

Installation tests are usually made in the field after 
the relays have been mounted and wired and are 
ready for service. These tests check the design and 
construction of the complete protective scheme. 
Similar tests are also made after any important 
changes in the installation. 

Periodic tests are the regular routine seasonal 
checks to determine whether the relays are in satis¬ 
factory condition and to locate and correct any 
irregularities that may have developed since previous 
tests. These tests are usually made at least yearly. 

Surveillance tests are made to locate the cause of 
some particular known failure or suspected failure to 
operate properly. If relay operation is analyzed 
carefully and all cases of possible or known incorrect 
operations are followed up by field surveillance tests, 
the periodic test assumes considerably less impor¬ 
tance and may be made less frequently. 

Development tests are made in conjunction with 
the manufacturers and are usually staged field tests 
of greater range than the manufacturer’s laboratory 
permits. Such tests serve as a check on the operat¬ 
ing performance of new types of relays and assist in 
developing improvements. Development tests are 
usually confidential between the manufacturer and 
the customer, and give the manufacturer an oppor¬ 
tunity to try out his product under actual field con¬ 
ditions before distributing it to the industry in general. 

How Testing op High Speed Relays Differs 
From Testing op Older and Simpler Relays 

1. In testing high speed relays there is tisnally no time to read 
indicating meters or watch the motions of the relay parts with 

* Superintendent of System Operation, The Tennessee Electric 
Power Company, Chattanooga, Term. 

Presented at the summer convention of the A,I,E,E., Chicago, III,, 
June 26-^0,1933* 


GEORGE* 

A.I.E,E. 

relays are discussed, including their adaptability to being tested by 
means of short circuit tests. General notes and recommendations 
covering short circuit tests arising from eight years* experience in making 
them are given together with typical examples. 
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reasonable accuracy. It is therefore essential to use an oscillograph 
or to permit the cyclic motion of a relay element to perform a one¬ 
way operation (such as tripping a circuit breaker) to establish 
whether or not the cyclic operation was completed satisfactorily. 

2. The performance of distance relays is a complex function of 
current, voltage, and phase angle. Polarity is of very great im¬ 
portance. Potential amplification may be used on low voltages. 
The older and simpler types of relays are not subject to these 
restrictions to any great degree. 

3. The internal connections of high speed distance relays are very 
complicated. Testing is desirable to locate any factory errors or 
injuries in shipment. 

4. External connections of high speed distance relays are more 
complicated than on any relays heretofore used. It is absolutely 
essential to make adequate tests to locate and correct any errors in 
drawings, or on the part of the construction crew. 

6. In most types of distance relays a sharp cut-off, or distinction 
between operating and non-operating conditions, is essential. 
Consistency in operating limits is also v^ important. The oper¬ 
ating characteristic of older relays is a simple continuous function 
of amperes or kilowatts instead of being a discontinuous or stepped 
characteristic. 

6. The operating element of the older standard relays is simple, 
and slow moving, and one man can easily observe its performance 
on tests. On reactance type distance relays, it may be desirable to 
observe the starting unit, ohm unit, time unit, and two auxiliary 
relays during test. 

7. The general principles of the older type of relays have not been 
changed for years and nearly aU power company test men are 
familiar with them. The distance relay is new and different and 
rather complicated, and considerable experience and educational 
effort is necessary in establishing an adequate testing personnel. 

8. The factory instructions on low voltage tests of distance relays 
are rather inflexible and incomplete. There are no factory instruc¬ 
tions on staged testing. Practically no information is available for 
companies desiring to utilize staged tests, because only relatively 
few power companies make staged tests and they have not published 
any comprehensive description of the operating procedure they have 
developed. 

9. In testing high speed distance relays, it is necessary to check 
the application data, as well as tlie rdUiy performance. That is, 
it is desirable to check the line constants such as reactance and 
impedance. 


Equipment Used in Testing 

The equipment used in the testing of high speed 
distance relays includes the foUowing: oscillograph, 
adjustable phase shifter, tapped reactor, phase angle 
meter (precision t 5 rpe), variable resistors, indicating 
voltmeters, indicating ammeters, megger, and cycle 
counter. Although testing can be done without an 
oscillograph, the use of the oscillograph will save time 
and money and give quantitative results of consistent 
acctuacy that cannot be obtained by any other 
method. 

No special tools are required for distance relay 
work, other than the usual tools carried by meter and 
relay repair men. Small socket wrenches and screw 
drivers of the type used by telephone repair men for 
telephone relay maintenance are especially con- 
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venient. In some cases the distance relay manu¬ 
facturers can furnish one or more special wrenches 
used by their assembly men and these will be very 
convenient, especially on development tests. 

The special facilities required for staged field tests 
are described in detail later. 

Low Voltage Versus Staged Tests 


Low voltage tests are adequate for tlie following 
purposes: locating loose connections, locating broken ^ 
leads, checking polarity, measuring resistance, testing 
insulation resistance, checking reactance indication, ] 
investigating performance of contacts as to sticking j 
or ST)arking, checking timing, and otherwise deter- a 
mining the mechanical and electrical condition of the c 
individual elements of the relays themselves. There » 
arc serious objections to depending on the results of 5 
low voltage tests alone as a check on the satisfactory j 
operating performance of a protective installation. < 
Staged te.sts will do almost everything that can be ; 
done by low voltage tests, and in some cases the low ; 
voltage tests may be unnecessary, provided the 1 
staged testing is carefully planned. In any case, 
much less low voltage testing needs to be done 11 
adequate staged tests are made. 

Complete low voltage tests require more equip¬ 
ment than staged tests. On distance rel^s a large 
amount of time is required to phase out the connec¬ 
tions of the low voltage test equipment. In fact this 
may require more time than a staged test. In many 
cases the range of variation of electrical quantities on 
low voltage tests Is rather limited compared to ^ 
various possibilities with staged tests. Low voltage 
tests give no check on selectivity, cuirent trans¬ 
former performance, potential transfoimer p^ 
formance, and may not give any check on ato 
.schemes or on interlocks. Staged tests will give a 
check on the accuracy of calculations, phase mak¬ 
ings, line constants and other system data used m 
.short circuit calculations, speed of aremt breto 
opening, adequacy of potential supply, br^ovm 
in ratio of bushing current ^ransform^s, p^om- 
anceon 2-phasc to ground short arcuits and other 
conditions difficult or impossible to calculate. 

Planning Procedure for Staged Testing 

Much of the description given bdow is conmon to 
all staged tests of high speed dptance r^ays on 
transmission systems, but is given in view 
of published information on the actual 
The value of the results obtained 
is very largely dependent upon the time and sM 
available for working out the test 
tests on any system become more important ana 
Sable froL Jear to year, because the e 2 >en^e 
obtained in previous tests can be utilized as a b 

equipment is “®shgible. Stage^^te 
of all kinds have been carried on on this systm for 
8 years. Interruptions to service on account ot 
staged tests have been negligible. 


Very little information is available from manufac¬ 
turers on staged testing. On account of the need of 
time to make plans for staged tests, it is desirable to 
plan these tests at least one week ahead of time if 
possible. In emergency, staged surveillance tests of 
limited scope have occasionally been run on less than 
12 hours’ notice, but conditions are not always 
such as to permit this procedure. The certainty, 
accuracy, and utility of the results will be more or 
less directly proportional to the time spent in plan¬ 
ning. Procedure in arranging for staged tests will 
usually follow more or less the following outline: 


1. Determine scope of tests. 

Determine the general scope and extent of the tests. This really 
amounts to listing the questions to be answered by the tests and 
determining the emergency opiating conditions which should 
provide the answers to these questions. 


Arrange for service interruptions. 


Make arrangements with the commercial departaents or ^bers 
concerned for permission to interrupt customers by appointmmt, 
or if there wiU not be any interruptions, investigate the effect of 
surges or voltage variations and get the consent of those 
If tests are to be made on the high voltage system, it is well to notify 
interconnecting companies. 

3 . Cooperate with communication organizations. 

Unless all the tests are to be phase-to-pl^ shOTt.drcmt s, and th^ 
is no possibility of acciden'^ or intentional fawts to ground, aU 
SimmStion «mpanies likdy to be aff^ted c.^ 

should be notified. While this can sometimes be done on short 
notice, it involves considerable expense and loss of tune to stop 
field crews and have them wait until the tests are over, ^d it is 
nmdi better to have other work planned for them a few days 
ahead of time. ^ 

In a few cases involving main toll routes it may be 
r^-route aU traffic except late at night or on Sunday. O^asion- 
ally where induction is expected the telephone comply wffi 
Se Aerators turn down the lines against t^c. 
complicates the test schedule and generally ^ults m ^^bm? ^ 
Vtry difficult to get through long distance calls for ffispa^i^ OT 
to communicate with the telephone test b<^d. . ^ route ‘ 

dfti^irable to insist that the telephone company either re rente 
affected lines, or notify the power company dispatcher before turn¬ 
ing them down to traffic. , ^ 

The communication companies will frequently desire o m 
of OTO at the same W the power company is testi^ are 
usually willing to interchange data and observations. This is of 

power company cannot easily handle. ^ , .i. , ii,_„.Ln.af 

tota?Sn^I?nSfication should be given the telephone 
department of the power company. 

4. Consider power system load conditions. 

T« manv cases the sdiedule for the tests will be govern^ ^ l^d 
In many cases wc Pfsrfmn tests may not be eco- 

conditions on the j--. certain generating and load 

nomically ^ SLd te ^ough ahead to 

^ff^o b^^caSed out sucLsfully with the minimum addi- 

tional expense for power. 

^ 5. Testing advantageous at time construction is 

' completed. 

* As nearly aa posable the Sz bX; 

chronired with to be a waste of time, since there 

5 construction is „ 

t> is no assurance ^t c^rt wu^ y equipment 

f fish's!I^se^ S Irotectiw equipm^t IS ctOT- 

SS and T J The ar^gements that held durmg 
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construction should be maintained imtil testing is completed. 
Cutting in power equipment or lines initially without protection 
osr with untested protection results sooner or later in serious trouble 
for the relay department, induding lack of conQdence in personnel 
and equipment. With these factors in mind it is usual to plan 
installation testing to begin immediately after construction is com¬ 
pleted, allowing some time for unexpected delays in completing 
construction. If the construction crew is released before testing 
is done, it is generally advisable to keep at least a switchboard 
wireman so as to change control wiring as required to get correct 
phasing. Some companies do not put up meter and relay con¬ 
nections permanently until after final tests, but this has the dis¬ 
advantage that it is difficult to complete these connections in a 
permanent manner during the tests, and if the work is done later 
it cannot be checked. Every effort should be made to have all 
control changes completed bdore or dining testing, so that there 
is a minimum possibility of unsupervised and untested changes 
aftMward. 

6. Predict fault currents. 

The approximate magnitude or limits of expected fault currents 
should be determined by calculation or on a short-cmrcuit table, 
and furnished to the test men. These data will determine the 
ranges of oscillograph shunts, the ratios of current transformers, 
potential transformers, and indicating meters. 

7. Secure good ground connection. 

The faults should be placed at a location where there is a good ground 
connection, if ground faults are to be made, or if there is any possi¬ 
bility of accidental faults to ground. Where this precaution is not 
available it is necessary for all observers to keep possibly 100 ft 
away from the fault, and avoid any connection of instruments in 
the circuit between the fault and ground. Where good groimd 
connections are provided, the ordinary insulation in instruments 
and control leads is sufficient against the rise of ground potential, 
and there is no danger to observers unless the ground lead is touched. 
It is good practice to make ground resistance tests with a ground 
megger and to see that all grounds at the point of test are solidly 
tied together and are of student conductivity that they will not 
bum open. 

8. Maintain company communication facilities. 

Arrangements should be made to preempt the communication 
facilities needed for dispatching during the tests, and other depart¬ 
ments should be given sufficient notice, so as to incur the miTiimiiyn 
inconvenience to routine traffic on the company telephone lines. 
If this is not done considerable expense and unsatisfactory test 
results are likdy to result from delays in switching caused by lack 
of c ommunica tion. Without constant communication any incorrect 
relay operations or unexpected difficulties may interrupt service to 
customers, and it k therefore desirable that points involved in 
switching wd testing should have 1 and preferably 2 means 
of communication at all times during the tests. It is generally 
desirable to maintain telephone communication between all points 
^^ed, for styeral minutes before and after each test. This also 
facilitates getting a prompt record of the test results and restoring 
service quickly. However, on ground tests the company tele- 
phones tnsy have to be disconnected by ox>ening the entrance 
smtch, if induction is unusually heavy and if communication during 
the fault is not absolutely required. It is also desirable to have a 
tel^hone man pull the carbon blocks on the telephone protectois 
if the r^ of ground potential is above that required to ground the 
c^bon blocks but below the ffashover point of Hie rest of inside 
wm^. In S3m<^omzing test procedure between distant points 
without communication, telechron clocks with second hands are of 
great service. 


9. Arrange for personnel necessary. 

The perso^el present at the scene of the test or at strategic points 
on the system will imtmally vary with the nature and extent of the 
teste, but m general there should be men present to read the test 
mstriwents, operate the osciUograph, develop films, handle dis¬ 
patching, make calculations (in case of unexpected set-ups), check 
r^ay performance, make permanent <hanges in wiring, and keep 
me ^n^im^tipn equipment workteg. The r^y engineer or 
the h^d of the system operating department is likely to be in 
general char|^ of the tests and is gener^y present at a point where 
he can keep m close contact with the dispatchers and with the relay 
men. If some of ffie functions mentioned are handled by other 
departaents, it is desimble to have a department head or super- 
lasor from each oiher department available at the same point, so 
that decisions be promptly made and carried out. 

The retey engineer should have available general system short- 
circuit data, wiring diagrams, instruction books, relay settings, and 


all the necessary information to check the results of the tests as 
they are obtained, and to modify the schedule of tests as required 
in order to obtain the most valuable data. 

10. Various types of artificial faults. 

On most relay tests itTs desirable to observe the performance of the 
relays under all fault conditions: single phase to phase, 3-phase 
to phase, single phase to groimd, and 2-phase to ground. On 
distance relays one of the surest tests of correct phasing and con¬ 
nections is for the relays to dear a distant fault in the same time 
for both single and 3-phase conditions. (This assumes delta 
coimections of current transformers.) On distance relays it Is 
also desirable to make tests with power supply from eiffier end 
and from both ends. This last concQtion is difficult to meet, unless 
the line has a tap with a switch in it. So far as we know, there has 
never been developed any satisfactory means of pladng a temporary 
fault on a hot transmission line with power supplied from both ends, 
except to dose a branch line switch. If fuse wire is pulled across 
the Hue with a paraffined rope there is some possibility of damaging 
the line, unless high speed relays and breakers work perfectly. On 
moderate voltages, the most successful scheme has been to fasten 
a copper ring several indies in diameter on the end of each phase 
of the bus and pull a treated rope through the rings. On one 
portion of the rope a fuse wire is wrapped between the strands to 
start the arc. The rope does not last long as it finally becomes 
carbonized. Furthermore, tests involving rope without other 
insulation cannot be made except in dry weather. Where the fault 
can be placed on the line by closing an air break switch or oil switch 
either a solid fault or arcing fault can be provided. Solid faults 
were at first favored as being somewhat quicker and easier to 
handle, but we now use arcing faults almost altogether. Arc faults 
can be started by fuse wire, wet rope or cord (preferably soaked in 
salt water), or by small copper wire. If copper wire is used, c£dcu- 
lation should be made to be sure it will fuse quickly enough for the 
purpose of the test. The arc from a fuse has the advantage that 
it will dear as soon as power is removed. Air break switeffies are 
not seriously burned by dosing on to faults but of course should 
not be opened uiiless the fault dears. At 110 kv arc faults around 
20 ft can be maintained, although we normally use about 4 ft or 
the length of an insulator string. At 2,300 volts it is impossible 
to maintain an arc more than a few indies, but at 154 kv the arc 
can be drawn out to suiprising distances. Dependence therefore 
should not be placed in separating the arc terminals to put the arc 
out as it is pretty sure to hang on until the power is cut off. If 
there is any bree^ present the arc is likely to travel a considerable 
distance, unless it occurs cm top of horn gaps or between oldier 
isolated high points. Suffident overhead clearance should also be 
provided on arc faults as the arc will rise to surprising heights. 
Unless a ground fault is made, adequate dearance should be pro¬ 
vided so that the arc cannot unexpectedly go to ground (and prob¬ 
ably interrupt ^ commi^cation). Almost no interference with 
communication is experienced on straight phase faults. In placmg^ 
solid faults, conductor of the same size as the transmission line 
should be used. Ground chains will not stand service as dicy 
arc between links and are likdy to bum in two on a single test. 
The most convenient way of placing single end faults on a trans- 
mi^ion line is to place a solid fault across the bus side disconnecting^ 
switches of an oil circuit breaker and then dose the breaker on to 
the line. ^ If the disconnecting switches are 6-pole gang operated, 
the coupling between the line and bus side operating bars can be 
removed so as to close the line side disconnects. 

11. Provide back-up relay protection. 

It is well to provide back-up protection so that if some particular 
circuit breaker fails to operate the fault will not stay on the system 
indefinitdy. It is general practice to block one or more breakers 
to insure uninterrupted service to important customers during 
t^ts, especiahy since the relays under test are likdy to have their 
time set to facilitate observation. To permit better observation 
of the performance of distance relays during fault conditions it is 
usual to open the trip dreuit of the relays being observed if there 
IS another breaker which can clear the fault. It is always desirable 
to use first a breaker and set of rdays at some other station which 
h^ been tested previously to perform the actual function of dearing 
the short circuit. During these early tests the new relays may be 
observed to make sure that their phasing, polarity, etc., is correct, 
an» which they may be used to clear the short while the details 
of their operation are being studied. 

12. Time between successive tests. 

The usual time bet?^ tests will vary from 16 to 60 min (although 
tte wnter witness^ a ^e smes of tests on one system run on 
5-n^ heMway). It is desirable to notify the communication com- 
p^es before each t^. On development tests it is very difficult to 
follow a pre-arranged schedule. 
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Fi(i. 1 Onk Link Diagram of 2 Switching Stations, Illustrating a Typical Staged Test 


niiTAILS UK A TYKUAL vSHORT-CiRCUIT TEST 

To illustrate the detailed test procedure in a typical 
case reference should lx; made to Fig. 1, which is a one 
line diagram of 2 switching stations on the Ten¬ 
nessee Electric Power Company’s system. Station 
B had been thoroughly tested several months pre¬ 
vious while station A had just been completed with 
the switching arrangement shown. Station B se¬ 
cured a clearance on circuit breaker 2 and placed a 
Il-phase short circuit on the line of this oil circuit 
breaker. The tie line on circuit breaker 8 (station A) 
is a direct tic to a generating plant where it is tied 
into tlie sy.stem. There arc no loads tapped off of 
this tic line. On the other hand the tie line on 
circuit breaker 0 has a number of tapped loads some 
of which are very sensitive to voltage changes. The 
tic line on breaker 2 has tapped loads but these were 
supplied from the other end of the tie line by opening 
a scctionalizing air break switch at the load nearest 
station B. The particular switching arrangement 
shown is for the testing of the relays on brewer 6. 
It can be noted that the only customers subject to 
any severe disturbances are those tapped off of the 
tic line between breakers 6 and 4. Of course the 
system was subject to a slight voltage drop in feeding 
the short circuit by way of tie line 8- , , „ 

For this particular test the relays on breaker 2 wae 
allowed to operate with their normal settings. After 
the oscillograph had been stai-ted, breaker 2 wm 
closed onto the short circuit and allowed to open by 
relay. At station A the instantaneous elements ot 
the distance relays on breaker 6 were set for a re¬ 
actance of no per cent of the line reactance from 
station A to station B. This follows the pnnciple of 
leeway in that the relays are allowed 20 per cent in 
their final settings. Their trip circuits were dis¬ 
connected from the breaker trip coil and instead a 
resistor arrangement was usicd so that the relay tar¬ 
gets would OTKjrate and the time when the relays 
would have tripped the breaker would be recorded by 
the oscillograph. The operation of the vanous ele¬ 
ments of the distance relays on breaker 6 
served during the test while the osallograph film 
gave considerable data on the transmission hne con¬ 


stants and also recorded the speed of the relays for 
instantaneous operation. 

Since the relays operated successfully on this test 
the relays on breaker 2 were set so as to give a total 
timp of approximately one sec. The relays on 
breaker 6 were then set so that their instantaneous 
elements would operate on a reactance of 90 per emt 
of the reactance of the line from station A to station 
B and their intermediate time elements were set to 
operate for a reactance 110 per cent of this value. 
These values allow the same margin over the final 
settings as before. The intermediate time was set 
at 60 cycles and the relays arranged to operate the 
oscillograph only as in the previous test. These 
special connections of the relays were made by meap 
of test jacks inserted in test blocks permanently in¬ 
stalled on the switchboard, so that no part of 
petmanent switchboard wiring was changed. In tins 
manner the possibility of leaving a set of relays re- 
versed or inoperative after the tests are finished is 
reduced to an absolute min im um . Breaker 2 was 
closed onto the short and allowed to relay as before. 
During the short dreuit, observers read the position 
assumed by the reactance arms of the distance relay^ 
Following these tests a similar test was made 
except that 2 phases of the line were shorted to¬ 
gether instead of all 3. The rday conespondmg 
to the shorted phases should indicate s^e re- 
actance as it <fid during the 3-phase short-circuit 
test (assuming delta connected currmt tranrformers). 
The Wl check on the distance relays of break^ 6 
was made later when an arcing fault was placed at 
7StiTnA on the line side of br^er 6. In this c^e 
the relays were allowed to trip the br^«. By- 
means of the oscillograph a check was obt^ed 
the accuracy and speed of the r^ys for nearby^<^ 
circuits and in addition the p^ormance of the oil 

breaks 8 a *ort 

d.S.i^p£latthe£arendoftl.etiete Dur- 

ing the earlier tests the performance of relays on 
Sfs ScS breaker had been observed with regard to 
^ and polity. >=7.-d 
blocking their tnp circuits with test jacJcs. ix 
aSre tionght unnecesaaiy to airangt for the 
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breaker at the fax end of the tie line to clear the short 
circuit. For these tests station B was arranged so 
that all oil circuit breakers were closed and all teans- 
fer bus air break switches were open. At station A 
oil circuit breakers 6 and 7 were closed and 9 was 
open. Oil circuit breaker 8 was used to dose in onto 
the short circuit. Air break switches 23 and 19 were 
dosed. This arrangement was used in order to 
supply suffident short-circuit current for the tests. 

A good many customers were subjected to a slight 
drop in voltage but the impedance of tie line 8 acted 
as a cushion for them. 

In testing the relays on breaker 9, it was desirable 
to cause as little ^turbance as possible to the cus¬ 
tomers located along this line. Consequently for the 
early tests, air break switches 18, 24, and 19 were 
dosed, and oil circuit breakers 6 and 7 were dosed 
while breaker 8 was open. Breaker 9 was used to 
dose in on the short circuit at the end of tie line 8 by 
way of the transfer bus at station A. Of cour^ an 
air break switch at the nearest customer on tie line 9 
haH been opened before the test. After the rdays on 
breaker 9 had been checked in this manner as thor¬ 
oughly as necessary, the system set-up was changed 
and an ardng short was placed at the far end of tie 
line 9. Breaker 9 was allowed to open by rday and 
to redose instantly by means of its regular instan¬ 
taneous redosing relay. In this manner considerable 
data on the line constants was obtained by means of 
the oscillograph, with only one disturbance to the 
critical customers on tie line 9. 

Many expedients may be used where the full 
switching facilities ^own on Fig. 1 are not available. 
For example, certain makes of 6-pole gang operated 
disconnecting switches may be made to operate 3 poles 
at a time by removing one pin in tihe operating 
tn pfhaTiiRTn. At times it is necessary to place a short 
circuit on the bus side of the oil circuit break^ and 
reverse the relay connections by means of test jacks. 

Typical Low Voltage Tests 

In tnaking installation tests of distance relays it is 
customary to give them a thorough mechanical in¬ 
spection as soon as the switchboard portion of ^e 
construction is completed. Most manufacturers give 
rather thorough and specific instructions regarding 
the mechanic^ adjustments and dearances of the 
various portions of their relays. One possible point 
of disagreement is that the manufacturers have been 
in.Ri.R tin g on a rather large amount of wipe in their 
various contacts. Operating companies have found 
this practice undesirable in many cases and the 
modem tendency is to use better contacts and to 
require less wipe. Some makes of relays are easier to 
adjust mechanically on account of the fact that larger 
forces are present in the relays during operation. 
Rdays using an outside source of power such as the 
d-c control drtuit for the operation of timing units, 
etc., will of course have more volt-ampere burden 
available for operating their distance measuring 
dements. Some mechanical adjustments are best 
determined by low voltage dectrical tests. 



Fig. 2—Correct Phasing for a Particular Type op Distanci. 
Relay When the System Phase Sequence Is A, B , C . Nous 
THE Use op Test Block.s 


Adequate testing of relays presupposes adft|uuti* 
test facilities, such as the test block arrangenu-nt 
shown in Fig. 2. The particular relays are GcuhtuI 
Electric type GAX and the subsequent disctissimi 
refers prindpally to this type of relay. It is well t<» 
adopt a standard test scheme in the early stages f»f 
applying a given type of relay to a system an<l to 
refrain later from making even minor changes in lliis 
test scheme unnecessarily. 

Low voltage testing can be of great assistant *<• 
before the staged tests in checking the external ctnt 
nections of the distance rdays. In Fig. 2 is shown 
the correct phasing for distance relays when thf 
system phase sequence is A, B, C. When the circuit 
shown in Fig. 2 feeds a unity power factor load tlic 
current and potential of each distance relay should Iw 
in phase and should be in the same relative direction 
in the rday (vertically) at any instant. To check 
this, a phase angle meter, ammeter, and voltini^t cr 
maybe connected in the test circuit as shown in Fig. It, 

A sdieme of connections for the low voltage testing 
of the relays themselves is shown in Fig. 4. A some ¬ 
what simpler arrangement may be made by the use of 
a tapped reactor which takes the place of ^e phase* 
shifter and phase angle meter but the arrangement is 
not nearly so flexible particularly when testing the 
starting units of the rdays. 

In testing distance relays by means of low voltage 
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taps since an emergency change in setting might 
become necessary sometime in the future. Besides 
this test the ohm unit is checked by taking a curve 
of the indicated reactance against secondary current 
with constant reactance. The time unit of the relays 
may be checked at various points on the scale 
against the cycle counter of the test equipment. 

In making the final overall check of a distance 
relay it is well to employ the principle oi “leeway” or 
“safe margin.” If the operating time is higher than 
expected it is a fairly simple matter to determine 
which portion of the relay is responsible for the 
additional time. Any extra time introduced by the 
ohm unit may usually be eliminated by m akin g sure 
that the instantaneous contact does not have any 
appreciable wipe. By holding the contacts of the 
starting unit and ohm unit closed it is possible to read 
directly the time delay introduced by the auxiliary 
relays and to adjust these relays whenever necessary. 
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u-st equipment it has been fouiHl uclvauUigeous to 

('heck each porlnm of the relays 

conclude the test with an overall check of all of the 

elements operating together. • i. 

Considerable leeway can be allowed m the pi^up 
of the starting unit since this unit does not perform 
the distance measurement. The principal quantities 
to be determined are an upproxiimite f 
neres to inck-up against applied volts for the phase 
angle of maximum torque, and two or more curves o 
current against phase angle with the applied voltage 
held constant. It is evident that at the lower volt¬ 
ages the time of ojK-ration of the starting unit assumes 
importance instead of its pick-up orieri^ 

itaS lU startinR .mit conlucts for ^ 

extremelv low currents for both resistive and reactive 
toilS Th"* pLtinK tim« thm sccurrd are much 
hishiT than the actual ttaie of 

in service This latter time should be obtained by 
means of an oscillograiih durjiig staged and the 
higher values used to check internal connections, 
X u4«^ts. etc, and to check the of^ration of 

the potential amplifying equipnumt of Uie mlay. 

It has lieen found good practice to ^hbrate the 

reactance unit with of the 

nearest even scale division to the °a<iUy 

instantaneous knob. • Ihis can be 
by adjusting the pole pieces of the 
while the desired current, voltage f'ge 

are being held constant on the relay, , 

StaS^unit has been fct in this “““f " 
considerable value to check this _ ohmic 

portions of the scale and also on different ohmi 
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Synopsis—j'jlis paper presents an operating engineer’s point oj system lines. These problems are enumerated and the extent to which 

view of the practical and theoretical problems presented in applying modern relaying meets them is discussed. It is shown that the most 

relays for ^le protection of high voltage open wire interconnection satisfactory schemes are very expensive and the cheaper schemes are 

transmission lines. It points out thc^ the relaying of such lines involves not etdirely effective. The limitations of available schemes are dis- 

proMems which are not ordinarily present in the relaying of intra- cussed and their economics compared. A theoretical solution is proposed. 


T he interconnection of large ^ower 

systems by means of high voltage transmission 
lines has expanded so rapidly in the past ten 
years that it no longer involves any major engineering 
problems in the usual application. This excepts 
the problem of stability which may or may not be. 
present. The protective relaymg of such lines has, 
however, not become standardized and the number 
of different schemes in use today indicates that com¬ 
plete agreement has not been reached. Moreover, 
the economics of the various schemes vary over wide 
limits. Both phases of the subject are worthy of 
the engineer’s study, and it is ^e purpose of this 
paper to discuss the merits of the principal schemes 
and indicate their comparative economics. 

iNTERCONNBCnON RELAYING COMPARED WiTH 

Ordinary Relaying 

The essential differences between the ordinary 
rela 3 dng of intra-system lines and the relaying of 
intercoimection lines between systems may be 
enumerated as follows. The blocks of power to be 
transmitted over, interconnection lines are usually 
much larger than over intra-system lines. This 
alone does not necessarily effect the choice of relay 
schemes but in combination with the next point it 
presents a limitation. The second point is bbat the 
lines are usually of high impedance, being in the 
ordinary case long open wire lines with large phase 
spacings to accommodate the high voltages em¬ 
ployed. The stability limits of such lines are critical 
and this imposes the first definite requirement on the 
relaying of these lines, namely, that of high speed 
operation. In this paper it is assumed that high 
speed circuit interruption of the order of 6 to 8 cycles 
is suppUed where high speed relaying of approxi¬ 
mately 2 cycles or less is employed. 

The third point of difference is the peculiar condi¬ 
tions imposed on such relays while the systems are 
oscillating with respect to each other. These condi¬ 
tions may also be present on intra-system lines where 
various power sources are connected by the system 


transmission hues, although the magnitudes of such 
power swings are usually less. The relays should be 
capable of differentiating between the conditions^ of 
power flow caused by faults on the interconnection 
line, and the power flow caused by hunting between 
the systems. In the latter case it is most important 
that the relays remain inoperative since the con¬ 
tinuity of the interconnection at this particular time 
may be most important, as the cause of the swinging 
may readily have been a case of major trouble on 
one of the S 3 ^tems and part of its power sotuc^ 
may have been rendered unavailable. Hence it is 
vital that the interconnection transmission line re¬ 
main in service to deliver emergency power to the 
system whose load may now exceed the connected 
generation. On the other hand the relays on suA a 
line should be capable of detecting power swings 
which indicate severe out-of-step conditions. When 
such conditions occur it is usually best for the systems 
to be separated and the relays should accomplish 
this. 

Requirements of the Ideal Relay Scheme 

Hence we may enumerate the requirements of the 
ideal relay scheme for the protection of an open wire 
high voltage interconnection transmission Une, as 
they are considered in this article, as follows: 

1. The relay scheme shall be inherently selective. 

2. The rdays shall operate instantaneously (2 cycles or less) when a 
fanlt occurs. 

3. The relays shall operate simultaneously on the ends of the line. 

4. The relays shall be unaffected by swinging conditions between 
the systems as long as the systems do not become out-of-step, in 
which case the rdays ^ould operate. 

6. The rday ^tem should provide protection for both phase and 
ground faults. 

There are a few schemes of relay protection which 
meet most of these requirements as far as phase to 
phase faults are concerned and these will be discussed 
first. The detection of ground faults presents more 
complications in general. The distance type of 
phase relay protection will be considered first, 
not because it is the best scheme available but be¬ 
cause it is the one which is probably in most common 
use on interconnection lines constructed in the last 
few years. 
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Distance Relaying 

Distance relaying has many inherent advantages 
to reconnuend it, such as its feature of automatic 
selective operation by fault location, its sinipl^ity, 
and its low cost. It operates instantaneously for a 
large nroixtrtiou of faults on the line. It also pro- 
vitles back up protection, usually in the form of self- 
contained time element devices which are set into 
operation by other distance measuring units within 
the relay. Hut it cannot be said that distance relay 
protection meets the high speed requirement since 
its principle of operation leaves a zone of approxi- 
nuitelv ir» per cent of the line at the fiu' end for a 
snfetv factor in distance differentiation. I'aults 
in tins zmie are detected by the operation of time 
delay devices. Therefore it may be said that the 
distance relay meets the speed requirements only 
8 r> per cent, and the distance relay protecUon of both 
ends of a line meets the requirement only d) per cent, 
since faults in the two 15 per cent zones are not dis¬ 
connected instantaneously or simultaueou.sly. For 
the purpose of discussion it is assumed that the num- 
l,er l>f flmlts on a line will be evenly distributed over 
its length. Hcncc the measure of the high speed 
ability of a relay scheme is that percentage of the 
length of the line on which faults arc cleiued in- 
stuntuueouslv. The writer chooses to set distance 
relays conservatively with the balance point at 8.1 
per cent of the length of^he Hne.^ This allows as 


high as a 1 (» per cent shifting of the; balance point 
ttMiCcur from all causes such as changes in generator 
schetlules. rmtagtJS of intra-system lintss, and equip- 
inent titui personnel errors, without endangering 

"""‘'iSme ..f operation of the distance relay scheme 
varies fnan a minimum of 1 cycle m 70 per cent of all 
fault locatifms, to a first time zone operation for the 
rerauining 80 per cent of fault locations, the 
the 80 per cent zone being usually a minimum of -0 
cycles and frequently higher as 
A time of 20 cycles permits a safety factoi of 100 
per cent when selecting with a 2 -cyde relay 
8 -cycle cinniit breaker. If fault locations multiphcd 
by operating times could be averaged it might bt 
said that the average opiinitiug 

. (70 X 1) + CIO X 20 ) ^ Q 7 

relay scheme w - .' ’ ioo 

cvcles It might therefore be said that the average 
orating time of distance relay protection ap¬ 
proaches that of a high speed scheme. 

^ Although the distance relay (loes not 
afford true high speed protection, 
condition where tliis limitation is avoided. Ihis 
is the case, sometimes found in practice, where a 
high voltage line has transformers at each end and 
the line ciTeuit breakers are 

voltage sides of the transformers, fins i^akes the 
transformers a part of the line and theirJuy d 
imiJcdances permit the distance relays t 
that all faults on the line, and m parts the high 
voltage windings of the transformers, will cau^ 
operation of the instantaneous elements of the relay . 


This causes all line faults to be cleared instantane¬ 
ously and simultaneously at both ends. 

The instantaneous operation of distance relays 
over the initial 85 per cent of the line requires that 
the directional elements of these relays shall be of a 
high speed nature. This is not difficult of att^- 
ment if the fault is not too close to the bus, or if it 
involves only two phases. But a three-phase fault 
close to the bus may give a voltage of only 1 or 2 per 
cent of normal, being mainly the resistance drop in the 
arc. There is no voltage controlled directional 
element available which will operate instantane¬ 
ously under these conditions. It is therefore im¬ 
portant, where possible, to take relay potential for 
the directional elements only from the opposite side 
of the station power transformers. Thus any feed 
back through these transformers gives an impedance 
drop which will increase the voltage on the ^ relay 
directional elements and speed up their operation. 

The economics of this type of protection are very 
favorable since no special idgh voltage or low volta.ge 
equipment is required and the cost of sum ^ m- 
stallation compares with that of an installation ot 
standard directional overcurrent relays. 
curate replica of voltage conditions on the hign 
voltage circuit should be supplied to the relays but 
hirii voltage potential transformers are not absolutely 
necessary, as bushing potential deuces used for tms 
purpose are in successful operation. (See 
ings^ Supply Potential.” by H. A. P. Langs^ and 
P.^L. Langguth, Elec. World, Nov. 24, W28, p. 
104.3-5. Also ‘‘Relays Operated From 
Potential Devices,” by P. O. L^|g“th md V. B. 
Jones, Eke. World, June 25, 1932, p. 1092^-) 
Distance relays , are made today m both the 
impedance and reactance types and their mmp^a- 
tive merits have caused considerable contiov^^ 
Theoretically the use of the reactanm prmaple with 
distance relays on open wire lines offers adv^tages 
because of the elimination of any coimd^ation or 
effect of arc resistance. On the other hand the 
fLt that the reactance relay will operate on normal 
system load characteristics, namely, small appar^t 
?SctSice and high apparent resistance, compheates 
Se ^e of this prii^ciple. The introduction of a 

fault detector relay is the f 

Another places a mmimum reacrance 

Sek up on the reactance element such tiiat no^al 
CS rcaSances will not be in the zone of operation. 
Both of these schemes have dfeadv^tag^; the 
former ddays the operation of the reky while 

‘‘sfAL'of” .tS 

SSacturer, to'be restricted to short line apphea- 

^'°Each of the two tvpes of distance relays h^ its pecu¬ 
liar ^vantages The impedance prmaple is the 
sSinl^^Snce^nly a consideration of ratios of qu^- 
S is mSmed because the torque of such a relay 
titles IS cout-ciiiw r2_B'2 The torque of a re- 

Tli has the distinct advantage that the resistance of 
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the entire fault circuit is ehminated from all calcula¬ 
tions. But it complicates the operation of the relay 
since the angle 4> may vary during the development of 
a fault, or after the clearing of a fault when hunting 
may exist between the interconnected systems. The 
same may occur for faults on the taps of tapped trans¬ 
mission lines. Such lines offer problenw to any type 
of distance relay since the voltage at either terminal 
is not a true measurement of the distance to the fault 
by reason of the increased voltage drop^ due to the 
presence in the tap circuit of the summation currents 
from the two sources. 

In the writer’s opinion the use of the reactance 
principle, except on short lines where arc resistance 
may represent a large factor in fault impedance, 
does not seem to be as desirable as the simpler im¬ 
pedance principle. Furthermore from a practical 
standpoint, reactance relays are more difficult to 
calibrate in service than impedance relays. 

Experience with distance rela 3 dng shows that 
undesirable operations sometimes occur due to 
changes in the quantities presented to the relays. 
These changes are caused by developments at titie 
fault as time progresses. The ori^al relay mterpre- 
tations are therefore more apt to give correct distance 
readings. This suggests the desirability of so modi¬ 
fying the design of distance relays that the original 
measurements determine the time of operation. 
This would prevent arc resistance, for instance, 
from increasing to tiie point of falsifying the dis¬ 
tance measurement of an impedance relay and would 
thus eliminate the main objection to this relay as 
applied to the short circuit protection of short lines. 
On longer lines of the type under discussion such 
errors are negHgible. 

The operation of distance relays under conditions 
of system surging leaves considerable to be desired. 
The impedance t 3 rpe relay in general seems to offer 
the better chance of holding the systems together 
under such conditions since only ratios of currents 
and voltages are being compared in the relays. But 
it may give delayed operation for an out-of-step 
condition for the same reason. The reactance relay 
will be more sensitive to hunting and should operate 
readily for out-of-step conditions. It is, however, 
more apt to trip incorrectly during siurging because 
at one point in the rotation of currents and voltages 
the relay is measuring system resistance only.^ Tb.e 
ability to separate intercoimected systems during in¬ 
stability at the most desirable geographical point 
may offer a difficult problem with any type of re¬ 
laying. Some special form of out-of-step relay is 
usuaUy the simplest practical answer. 

There are two schemes which compare ^ectly with 
the distance relay for the protection of intercoimec- 
tion lines, both of which suffer in comparison of 
economics but have distinct engineering advantages 
and some practical disadvantages. The first is 
pilot wire relaying. 

Pilot Were Relaying 

Pilot wire relaying is an old art still somewhat in 
use but comprising only a small percentage of total 


system relaying today in this country. Its particu¬ 
lar advantages as applied to the protection of 
interconnection lines are its inherent selectivity and 
its feature of simultaneous operation at both ends 
for all locations of faults. The pilot wire relay 
Sf-hftTne may be made to meet these two requirements 
perfectly and is the only scheme in common use to¬ 
day of which this is true. 

Pilot wire relaying is inherently a high speed 
jyh<>Tnf> and operates in an overall time of 1 to 2 
cycles in its most preferred forms. 

Another advantage of pilot wire relaying is its 
ability to opera,te independently of system condi¬ 
tions such- as connected generating capacity and 
outages of transmission Iffies. The practi^ ad¬ 
vantage of this phase of any relaying sdieme is para¬ 
mount to the operating engineer. The necessity for 
special calculations and the resetting of relays for 
(Merent system set-ups is the bane of the operating 
man. 

A further advantage of pilot wire relaying is its 
ability to protect for both phase and ground faults, 
using the same set of relays. This feature is per¬ 
haps one of its most desirable characteristics since 
the range of current values for these two types of faults 
may run as high as nine to one even on a solidly 
grounded system. These data are a matter of actual 
record on a large 220-kv interconnection system 
and were taken from automatic oscillograph records. 
Some schemes of pilot wire protection, however, use 
separate phase and ground relays. 

The obvious disadvantages of this t 3 q)e of pro¬ 
tection are the high initial capital cost, the main¬ 
tenance cost and the operating hazard of maintaining 
pilot wires between -the terminals of the high voltage 
line. A further disadvantage of this type of protec¬ 
tion is that it usually does not provide inherent back 
up protection for faults beyond its own terminals 
and such protection must be supplied in the form of 
additional relays. All of these features tend to 
make an installation of pilot -vrire relays expensive as 
compared with distance relays, or in general with any 
other types of protection in-volving only termini 
equipment, with the possible exception of the carrier 
current scheme. 

Some of the more recent schemes of pilot wire 
protection have innovations which from an engi¬ 
neering standpoint render them inherently superior 
in their general protective features and economics 
as compared -with the older types of this scheme of 
protection. Some of these schemes were described 
in “Relay Systems Utilizing Communication Facili¬ 
ties,’’ by J. H. Neher, published in Electrical 
Engineering for March 1933, p. 162-8. Such 
schemes are in effect merely means for comparing 
relay interpretations at the two ends of a line by utiliz¬ 
ing the pilot -wires for d-c circuits only and for simul¬ 
taneously tripping the two terminal circuit breakers. 
In another arrangement, sometimes called “trans¬ 
ferred tripping,’’ Uie pilot wires are used to permit a 
standard relay scheme at either end of the line to -trip 
the other end as well, thus completely discoimecting 
the line with a relay time equal to that of the faster 
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relay system at cither end. In general such scliemes q 
are distinctly superior to the a-c pilot wire schemes v 
which usually necessitate low resistance pilot circuits n 
and some of which have large normal electrical losses e 
and require special current. transformers. p 

These points are of particular significance if leased t 
pilot circuits arc to be employed since the use of the t 
direct current prevents interference with adjacent s 
communication circuits in the same cable. Only i 
very small values of low frequency alternating cur- j 
rent can be transmitted over circuits leased from the 1 
communication companies, and thus a-c pilot wire 1 
schemes usually require the installation of special i 

pilot wire circuits. . , . ^ 

Another point of practical importance m con- < 
ncction with the use of a-c and d-c pilot wire schemes f 
is that of providing means of insulating the terminal 
relay equipment from the pilot wires. The latter < 
may operate at, or be raised by ground fault currents 1 
to, a higher value of potential above ground than the ( 
terminal cciuipment and protection must be provided. 

In the case of the a-c scheme it can usually be accom- . 
tjlished rather simply by using insulating transform- i 
crs. But since this is impossible with the d-c 
scheme it is usually accomplished by the «itp- 
duction of insulation between the. terminal and hne 
parts of certain relays. It is important that such 
insulation be provided and a circuit established for 
the relief of dangerous overpotcntials. The neces¬ 
sity for such provisions arc among the disadvantages 
k this scheme of protection. Other disadvantage 
are maintenance hazards, sometimes aggravated 
by the maintenance personnel if leased promts ^e 
employed; and the general difficulty of checkmg 
such schemes for service, particularly the older types. 

It is obvious that the scheme of pilot wire relaying 
can be designed to meet all the requirements of intj- 
conncction relays as regards their 
conditions of system surging. The scheme w U 
inherently pass through blocks 
inoperative, but if a severe out-of-step condition 
arises so that an electrical neutral is estabhshed 
between the terminals of the line, 
scheme may be designed to function as on a luie 
fault. Some schemes of this type require the addi 
tion of back up or out-of-step relays to accomplish this. 

The use of pilot wire relay protection on long open 
wire interconnection lines is very «ticommon for 
obvious rea.sons. For short lines it inay ^t be 
duly expensive. For longer hues. 
use of leased pilot circuits helps reduce the invest¬ 
ment, the totiS cost is usually 
engineering features can be very 

It Is. however, very pertinent to note that tos is Ae 

only scheme available today which ineets all m 
requirements of the ideal system of interconnection 
relaying as defined in this article. 

Carrier Current Pilot Relaying 

While not yet in broad use the scheme of using tie 
high vKe line as a pilot for high frequency cam^ 
rday currents has proved satisfactory on 
limited service, and is a type of protection which un¬ 


questionably. offers an extensive field for future de¬ 
velopment. At the present time, however, the 
necessity of using expensive high voltage terminal 
equipment in the form of wave-traps, coupling ca¬ 
pacitors, highly insulated control wiring, vacuum 
tube control devices and special generators for the 
tube circuits, all tend to make the scheme unde¬ 
sirable for general use. However, this scheme has 
nearly all of the inherent advantages mentioned for 
pilot wire relaying and on lines of considerable 
length would be certain to prove more economical. 

It eliminates some of the disadvantages of pilot wire 
relaying, principally the necessity for the pilot wires 
themselves and their attendant mamtenance diffi¬ 
culties, and m its latest form has all of the primary 
features of pilot wire relaying. 

Strictly speaking, this scheme does not come m the 
class of high speed relaying as previously defined; 
that is, a scheme which energizes the ^p coils of the 
circuit breakers on both ends of the line in a time of 
2 cycles or less after the initiation of the fault. 
However, effectively it accomplishes almost as rapid 
total disconnection of the fault from the system, 
for all possible fault locations, as the pilot we 
scheme, and averages faster than the distance relay 
scheme. The carrier current pilot relay sch^e 
requires a time of 4 to 6 cycles for both, circuit breaker 
trip coils to be energized after the sta^ of the fault 
condition regardless of fault location. As pre- 
viously noted, in the most preferred form of pdot 
wire relaying this time is of the order of 1 or 2 cycles. 
We have seen that the operating time of distance 
relay protection varies from 1 to 20 cycles depending 
upon the location of the fault, and may be said to 
average 6.7 cycles for all possible fault locations. 
It therefore seems fair to cl^y the earner current 
pilot relaying scheme as high speed relaying as a 
matter of practical application, although aett^y 
its time of operation is high by 2 or 3 cycl^. The 
manufacturers claim that the overall operatmg time 
of 4 cycles of this scheme can be reduced. 

The engineering advantages of this scheme of re¬ 
laying as used on interconnection lines are practic^y 
the same as those previously enumerated for pilot 

^^The^ amoimt of special equipment at present u^d 
with tliig scheme is the principal disadvantage but 
ite dimination is not an insurmountable engmee^g 
problem. The use of vacuum tubes for protective 
relaying may be questioned by the opiating engi- 
: Ser^but one should not fail to rec^ the eirtensive 
. SS^of tubes of this nature in devices ^ch more 
, compUcated and operated by laymen. The tae of 
‘ momtoring devices with the tubes renders such as. 
; practically obsolete. Since, mam 

I obiection to this scheme of protection is its cost it 
Sns very probable that future developmente ^ 
be in favor of the extension of this type of protective 

relaying. 


Balanced Relaying of Parallel Lines 

Where parallel circuits are used for mt^connec- 
tion lines ^it is common practice to apply balanced 
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DIRECTIONAL 
OVERCUfiRENT 
GROUKO RELAY 
LOW CURRENT 
SHORT TIME 
SETTING 


Figs. 1 and 2—^Schematic Diagrams op Parallel Line 
Protection 


Fig. 1—Duo-directional ovcrcur- 
rent relays for balanced protection 
and directional distance relays for 
back up and single line protection. 
Trip circuits of duo-directional 
overcurrent relays interrupted 
when either line oil circuit breaker 
is open. Potential and trip con¬ 
nections omitted 


Fig. 2—Directional overcurrent 
relays for balanced ground pro¬ 
tection and directional distance 
relays for short circuit protection. 
Trip circuits of balanced ground 
relays interrupted when either 
line oil circuit breaker is open. 
Potential and trip circuits of dis¬ 
tance relays omitted 


relaying in some form because of its engineering 
advantages, its general simplicity, and its low cost; 
also the fact that it can be applied to ground protec¬ 
tion as well as to phase protection. However, one 
should not overlook the fact that single line relaying 
must be provided also if high speed relajdng is de¬ 
sired under all conditions of operation, that is, with 
either one or two lines in service. Hence the complete 
• solution may be the initial choice of one of the above 
described schemes rather than the choice of^ the 
balanced scheme for the one operating condition 
only, the distance relay being preferred for cost 
reasons if stability conditions permit. 

There is, however, one very important engineering 
advantage to be noted in the use of balanced relaying 
as compared with distance relaying of parallel inter¬ 
connection Knes. This is the instantaneous sequen¬ 
tial operation of the relays oh the two ends of a line 
protected by balanced relays, as compared with the 
instantaneous and first time zone operation of dis¬ 
tance relays for all faults occurring in the end zones 
of such a paired line. The so-called end-zone is the 
15 per cent of the line beyond the balance point of 
the instantaneous element of the distance relay. 
As previously described, when distance rdays are 
used such faults lie within the instantaneous zone 
of the distance relays on the near end of the line, 
but require the first time element to operate to 
clear the far end. Hence the maximum tot^ clear¬ 
ing time on the entire system is that of the time set¬ 
ting of the first time dement of one relay, plus an 
instantaneous rday operation on the other relay 
plus the operating times of two drcuitbreak^. The 
Tnitiittiiitn time would be that of the first time zone 
setting plus its circuit breaker and assumes simul¬ 
taneous operation of the relays at both ends. But 
with the balanced rday system the total time in¬ 
volved for thi.«} location of faidts is that of one in¬ 
stantaneous relay plus one circuit breaker on one 
end, plus one instantaneous relay and its circuit 


Fig. 3—Automatic Oscillograph Record of a Three-Phase Fault 
on a 220-K:v Open Wire Line of the Type Shown in Fig. 4 

breaker on the other end. This is of course due to 
the fact that after the first end has cleared, all of 
the short circuit current is available to unbalance 
the instantaneous'balanced rdays at 'the second end. 
Hence for all possible locations of faults on one of a 
pair of paralld lines it may be shown that with 
eit her balanced or distance rdays approximately 
70 per cent of all faults will be deared by the instan¬ 
taneous simultaneous operation of the rdays on both 
ends; but with distance rdays the remaining 30 
per cent of faults will always require the operation 
of one time element rday and may require the se¬ 
quential operation of one instantaneous relay plus one 
timp dement rday; whereas the balanced relay 
js fhpmc will clear the remaining 30 per cent of faults 
in two sequential instantaneous rday operations. 
To all of these relay tme values, of course, must be 
added the clearing times of the circuit breakers. 
In Table I is shown the comparative operating 
times of the various schemes. 

It is, therdore, obvious that the balanced system 
of rdaying has distinct advantages where it can be 
applied, as compared with distance rdaying. It 
does, however, have certam practical disadvantages 
such as the cross connections between current trans¬ 
formers in some cases; the necessity for inter¬ 
locking lie rdays with the circuit breakers at the 
ends of the lines to prevent the tripping of the 
good line while the faulted line is dealing the second 
end; and the hazard of tripping a loaded line while 
switching in the other line of the pair. All of these 
complications favor the use of the simpler scheme 
of the distance rdays. A scheme to combine the 
advantages of both and to eliminate some of the dis¬ 
advantages of each of these schemes is the use of 
balanced rdays for two-line operation and distance 
rdays for single line operation. (See Fig. ,1.) 
A still simpler scheme is the use of distance rdays 
for short drcuit protection and balanced relays 
for ground protection. (See Fig. 2.) The latter 
is used on several 220-kv interconnection lines in this 
country and has been very satisfactory in operation. 

The use of balanced rekying for short circuit pro¬ 
tection is a very simple and effective solution to the 
problem of the non-operation of interconnection 
relays during surging between ^sterns. However, 
to ^ect disconnection during out-of-step conditions 
requires the application of other rdays. 

STABIUry CONSIDBRATIONS 

It is pertinent to consider which of these various 
schemes of short drcuit rday protection can be 
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expected to maintain stability of the interconnected 
power systems under fault conditions. This ques¬ 
tion cannot be answered in a general way because 
each interconnection has individual chara.cteristira. 
q'here are interconnections now in operation which 
by calculation cannot maintain stability if a three- 
phase short circuit exists longer than 3 or 4 cycles. 


time were extended to 28 cycles. It follows that 
maximum and not average clearing times should be 
used for such comparisons. 

Frequently an interconnection which cannot be 
maintained stable during three-phase short circuits 
will maintain stability readily during two-phase, or 
one-phase to ground, fault conditions. This may 


uhase short circuit exists longer tuuu o ^^^^ 

no protective scheme can accomplish this enable the most econoimc^ short oreuxt protectaye 

tid'iv wlx^cn the fastest high voltage circuit breakers scheme to be apphed if the liimtations are acceptable. 
Shble operate in a minimum time of 6 to 8 cycles. Some cases are on record where short circuit protec- 
IJiit if it is\vssumed that the fastest relaying scheme tion has been entirdy onutted ^d only ground 

available will be satisfactory in this respect, then the relajnng pr?vided. Obviously this should not be 
comparative abilities of the schemes may be dis- considered m hghtmng territory. 

*^^*As'shown in Table I the fastest of the schemes Ground Relay Protection 

/-ntmidered operates to clear both ends of the line in ^ 11 .* i. 

•I tin e d •> and is accomplished by pilot wire The matter of the ground relay protection of high 

m Su The carrier current scheme" of trans- voltage open wire interconnection circuits is one 
trippitiE approaches the next closest witli a which may present a difficult engineermg prot>J^ 
ntiifiirm opcraiintr time of 10 cycles. The minimum Furthermore, it is a most vital one smee a v^ ffigh 

s;rS 

^ent 

wis Sc j 

operate fast enough to maintain foperate fw both types of faults unless extremdy 
majority of installations it is believed * ‘ ^ ' t^j^h^values of neutral impedance are used which h^ 

This discussion also raiscsj the question of ^ ® . j ^ jjj ^his country to date on lines at th« 

values of average clearing times as a 1J«P« SrSg vo^ger?onsider2l in this article. Witi 

of the comparative stabilities to be I’y ^ ^the ordinary types of balanced relaying 

protective schemes. It can be shown . schemes or any typeof distance relaying, a separate 

that an interconnection which might frelSing scheme for ground faults is mandatory eyei 


today when the fastest high voltage circuit breakers 
available operate in a minimum time of 6 to 8 cycles. 
IJut if it is assumed that the fastest relaying scheme 
available will be satisfactory in this respect, then the 
comparative abilities of the schemes may be dis- 

''^*Arshown in Table I the fastest of the schemes 
considered operates to clear both ends of the line in 
a lime of U cycles and is accomplished by pilot wire 
relaving. The carrier current scheme of trans¬ 
ferred tripping aiiiiroachcs the next closest witli a 
uniform operating time of 10 cycles. The minimum 


UIJ. xxx*x,.j. *---- 

line of the type shown in Fig. 4. 

When the pilot wire or the carrier current relay 
scheme is used, the problem of gro^d protectaon is 
not always present since these relays may be set 
to operate for both types of faults unle^ 
high values of neutral impedance are used whuffi 
not been done in. this country to date on lines at Ae 
operating voltages considered in this article. With 
any of the ordinary types of balanced relaying 
schemes, or any type of distance relaying, a separate 
relaying scheme for ground faults is mandatory even 
Sl^Swly ground^ systems. This problem has 


Total relay time 


*r .v|)c of reluying 

IHlot wire ucheme .. 

TruHaferred trippiiiR carrier current ticheinc. 

Carrier current pilot relay #chcf»e. 

tlalatii’cd feisty ^:licnic..... 


Dbtance relay scheme. 


Itcliiy time of 

of two ends 

fine end 

Min, Max. 

.1 cycle. 

.i4 . A * 

...1 .1 

...2*...... 2 ... 

...4.4 ... 


...1 .10‘-' 

.1 or 20 cycles... 

...1 .20 ... 


Total clearing time 
of both ends 


TotaVtimeto clear 
fault from system 
(8 eye. breaker) 


1 eye. + 1 bkr, opening.. 

2 eye. + 1 bkr. opening.. 
4 eye. -h 1 bkr. opening .. 

1 eye. + 1 bkr. opening .. 

to 

2 eye. + 2 bkr. openings 

, Icyc. + 1 bkr. opening., 
to 

20 eye. + 1 bkr. opening 


.10.10 

.12.12 

.18.il.7 

.28.14-7 

37** 
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never been satisfactorily solved by a universal 
scheme other than the use of pilot wire relaying or its 
equivalent. The use of time element directional 
ground relays may offer a solution but this is usually 
not the case with high voltage interconnections as 
instability may easily be caused by the delayed 
flpgring of a ground fault, although a certain amoimt 
of time is usually permissible, lie amount varying 
with the individual case. 

A method which has been used with a very 
acceptable degree of satisfaction is that of a quanti¬ 
tative measuring scheme which uses either the first 
or second powers of the zero phase sequence current 
of the line to determine the location of ground faults. 



Fig. 4—Typical Tower in a Section of the Pennsylvania-New 
Jersey 220-Kv Interconnection 


Simple overcurrent relays are used which may- be 
set to operate instantaneously for certain locatioi^ 
of faults, but their zone of safe selective operation is 
necessarily limited because of the variations in the 
magnitudes of ground fault currents under various 
system set-ups. Hence if the scheme can be set to 
operate instantaneously to disconnect the line for 
ground faults over 75 per cent of its length from 
each end it is about all that can be reasonably ex¬ 
pected on the average under all conditions of opera¬ 
tion. This means, of course, that only 50 per cent 
of all such faults will be cleared simultaneously and 
instantaneously at both aids which is rather un¬ 


satisfactory when overall system protection is con¬ 
sidered. The remaining sections of the line must 
therefore be protected by time element directional 
relays and again the prohibitive time feature is intro¬ 
duced. A redeeming feature to the scheme, however, 
is that a high percentage of faults outside the 50 
per cent zone will cause sequential operation of the 
instantaneous ground relays on the two ends of the 
line due to the resulting increase in cu^ent after 
the first circuit breaker has opened. This may oc¬ 
cur in an additional 40 to 50 per cent of possible 
fault locations, thus giving fairly rapid operation in 
about 90 or more per cent of aU cases. On one in¬ 
stallation where this scheme is used, calculations 
show that 50 per cent of all faults will cause simul¬ 
taneous operation of the instantaneous ground 
relays, and sequential operation of the same relays 
in the remaining 50 per cent of cases. The scheme 
also has the practical advantage that its very rapid 
operation for close faults usually permits stabiHty 
to be maintained on the near system, and the re¬ 
duced power from the far system frequently permits 
that end to be cleared with a time delay without 
resulting in a serious disturbance. 

The use of distance rdays for ground protection 
is recommended by the manufacturers and they 
have been installed to a limited extent in practice. 
Special current or voltage connections are recom¬ 
mended for such applications and an additional set 
of relays to those used for phase to phase protection 
is usually required. An alternative is to use one set 
of distance relays but to employ an auxiliary fault 
detector relay to change voltage coimections when 
single-phase to ground faults occur. Reactance 
type distance relays would seem to lend themselves 
particularly to this scheme because of the possi¬ 
bility of varying degrees of fault resistance. 

Experience with such applications seems to indi¬ 
cate that the complex and variable conditions pres¬ 
ent at the fault offer a wide range of quantities to 
the relays. This frequently results in a shifting of 
the balance point and changing of the power factor 
of the total fault circuit thus causing ^atic opera¬ 
tions of the relays for s imil ar fault locations. Faults 
in the time element zones of the distance relays 
particularly offer problems due to changes in the 
fault characteristics with time. In general it can¬ 
not be said that the operation of distance relays for 
ground faults has been very satisfactory to date. 

Conclusions 

The conclusions which may be drawn are as fol¬ 
lows: 

1. There is no standard relay scheme available today which meets 
all the requirements of the ideal scheme which can be universally and 
economically appHed to the protection of open wire high voltage 
interconnection lines. 

2. The pilot wire scheme is the only one which meets all of the 
engineering requirements of the ideal sch^e. Recent schemes of 
this general type usmg direct current on the pilot wires have con¬ 
siderably improved these features and lowered the cost of this type 
of protection. The outstanding engineering disadvantage of this 
scheme is the hazard of the exposure of the pilot wires themselves. 
However, it is the most costly of the schemes considered and is there- 
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tore usually ruled out of consideration except on applications where 
no other scheme is possible, or where its engineering advantages may 
be very highly capitalized. Its future possibilities would seem to be 
tiiiiiled. 


3. The carrier current pilot relaying scheme, as at present de¬ 
veloped, has nearly all of the engineering advantages of the pilot 
wire scheme and requires only terminal equipment. It has elimi¬ 
nated the outstanding disadvantage of the pilot we scheme quoted 
alwve and while it cannot strictly be classed as a high speed scheme, 
tor till practical purposes it may be so accepted. Its presMt out- 
sliimling disadvantage is its high cost. Its future possibdities seem 
very promising. 

4. The distance relay scheme is a practical compromise whiA is 

usually justified because of the present adverse TCono^cs of the 
aliovc schemes. Its outstanding advantages are simpUcity and low 
cost. Its outstanding engineering disadv^tages are that its to^ 
time of operation cannot be classified as high speed relaying m the 
usual application; and its operation for ground iwotection is not 
entirely satisfactory. Its future applications will prolmbly be 
numerous by virtue of its comparativdy low cost but further d^ 
vclopinciits arc needed to perfect this scheme, particularly for ground 
protection. _ . 

fi The genend scheme of balanced line relaying, wh^ possible of 
application, approaches closer to the pilot wire scheme than an? oth« 
scheme which employs only termi^ equ^ment. 

single line protetuion modifies the^ adi^tages. Ako ^arate 
ground relays arc required. It cp be readily combined o^r 
types of relaying and its economics are very fawrable. Its future 
apiilications will probably be numerous on parallel hues. 

H If the wonomic as well as the engineering requirements of an 
ideal scheme arc to be considered it is evident t^t the foUowing 
would apiily; («) The relay scheme shall require the iMtahation of 
u^ uinal equipinent only; (6) The relay scheme shall compare m 
cost with an installation of modem directional overcurrent or 
direct ioiial distance relays. 


theoretical solution would be to combine the de¬ 
sirable features of several schemes and to omit the 
undesirable features of all. This would seem to be 
accomplished by using the distance relay for speed 
and low cost, and extending the zone of operation of 
its instantaneous element by using carrier current 
for transferred simultaneous tripping of both termi¬ 
nal circuit breakers. 

Therefore, neglecting cost, it is suggested that one 
theoretical solution of the problem would be the use 
of a distance relay scheme for short circuit protec¬ 
tion, plus an instantaneous directional overcurr^t 
relay scheme for ground protection, plus a carrier 
current relay scheme for simultaneously tripping 
the two terminal circuit breakers by the operation of 
any terminal relay. Such relays could be set to 
operate instantaneously for faults up to 60 per cent 
of the lengtii of the line and thus all faults would 
cause at least one set of relays to operate instan¬ 
taneously. The scheme of simultaneous tripping 
would thus cause aU faults to be instantaneously 
and simultaneously disconnected. 

It is recognized that the scheme of transferred 
tripping by carrier current is not yet commercially 
available. 
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Compensating Metering in Theory and Practice 

A Practical and Economical Method of Metering High Voltage Loads From the Low 

Voltage Side of Power Transformers 

BY GEORGE B. SCHLEICHER* 

Associate, AJ.B.B. 


M easurement of high voltage energy from 
the low voltage side of a power transformer 
bank presents several advantages from both 
an engineering and an economic point of view. In 
g^eral, the^ tagher the voltage, the greater is the 
dififer^tial in cost between high and low voltage 
metering, and the greater is file economy if low 
voltage metering of the requisite accuracy can be 
provided. 

High voltage instimnent transformer equipment, 
especially current transformers of suitable accuracy 
for meteriug, is particularly vulnerable with respect 
to damage by lightning and other disturbances. 
Thw apphes mainly to suburban and rural territory, 
while in congested districts the space required for 
high voltage instrument transformers is frequently 
at a premium. 

Engmeers both in the United States and abroad 
have given considerable thought to various methods 
of providing low voltage metering for measurements 
as of the high voltage side. The methods in use are: 

1. The application of compensating devices in* the meter current 
and voltage circuits to correct for the ratio and phase-angle char¬ 
acteristics of the power transformers. Complete compensation by 
this method is relatively complicated, and in practice the initial 
calibration and the periodic checking of the compensating devices 
are usually beyond the scope of the average meterman. 

2. Adjusting low voltage meters so that their registration includes 
approximate increments for transformer losses. ^ This method is 
used to some extent in Europe, but in the United States has been 
confined to statistical metering. A disadvantage of the niethod 
for billing purposes is that the meter does not record the true energy 
that passes through it. 


constant for constant voltage and frequency. With 
constant frequency, iron losses vary approximately 
as ^e square of file applied voltage; this has been 
verified by tests (see Fig. 2). Tests have been made 
also for the effect of temperature on iron losses, and 
this has been found negligible. Variations in fre- 
(juency have an appreciable effect on iron losses; but 
in view of the stability of modem transmission and 
distribution systems, their effect is of minor im¬ 
portance. The tests have included also the effect of 
voltage variation on reactive voltamperes of the iron 
loss (see Fig. 2), and in different transformers this 
has been found to vary as E®-® to in general 
approaching closely to E* (where E is the applied 
voltage). 

Age may have an effect on iron loss, but this 
applies oydy to transformers constmcted prior to 
1916. Different manufacturers adopted non-aging 
silicon steel cores at different times but in general 
between 1905 and 1910. The present iron losses of 
these older transformers are generally greater than 
that shown by, the origiaal factory tests. 

Test results of copper losses indicate that both 
watts and reactive voltamperes vary as the square 
of the load current. Because of the temperature 
coefiBlcient of copper, however, these losses increase 
approximately 20 per cent with an iacrease in tem¬ 
perature from 25 to 75 deg C (see Fig. 1). 

Principle of Compensating Meter 


5. In step-down transformers, current transformers on the high 
voltage side with potential from the low voltage side of the power 
transformers; or potential transformers on the high voltage side 
and current from the low voltage side. The former includes core 
losses but omits copper losses, while the latter includes copper losses 
but omits core losses. Both methods give less than the true high 
voltage registration. 

4. Compensating metering, which has been developed to provide 
a practical commercial method of metering of accuracy equal to 
that of metering on the high voltage side. 

Characteristics op Transformer Losses 

Losses in power and distribution transformers 
commonly are divided into iron and copper losses; 
the general characteristics of these losses for a 7.5-kva 
transformer are shown in Fig. 1. 

Iron losses consist of those due to magnetic 
hysteresis and those due to eddy currents, and are 


* Technical Assistant, Meter Division, Operations Department, 
Philadelphia (Pa.) Electric Company. 

1. For numbered references see bibliography. 
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Transformer losses may be measured by a meter 
the registration of which at all loads is m accordance 
with file total loss curves of Fig. 1; such a com¬ 
pensating meter consists of an element calibrated 
in accordance with the copper loss, and an E^ element 
calibrated in accordance with the iron losses of the 
transformer. Both elements are combined on the 
same shaft, which drives a register of the proper ratio 
to record the losses in kilowatthours. 

Figure 3 shows the general arrangement of a com- 
pensalmg meter that operates on the principle of the 
induction watthour meter. The lower element serves 
for the measurement of copper losses, and it is ap¬ 
parent that the currents in both the current and 
“voltage” coils are proportional to the load current; 
in the upper or iron-loss element both the voltage 
and “current” coils carry currents proportional to 
the applied voltage. The torques of the 2 elements 
therefore vary as and E®, respectively, and their 
cumulative effect is recorded Isy the register. 

In calibrating a meter of this type it is apparent 
that a definite current (for example, 5 amp) repre- 
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sents by design a certain speed of the disk, which in 
turn represents a definite copper loss in watts for a 
given transformer. The value in watt-seconds for 
one revolution then may be calculated, and the 



Fn;. 1 I.oss CiiAKAcnausncs of a Tvi-icai. 7.5-Kva Distkiihition 
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vary u i tUr ruitmn? tif lUt* vulluni*. cuput'r Iohhcs as 
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Iron Losses in a 
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the Hfiuare of the voltUKft. 
R e tt c ti V e - VO 11 tun j» ere 
loasiTH vary ui»i>roxiiuatfly 
us ttic fourih iiower of the 
voltUKe. and their churuc- 
terihtieu vary HliK^tly in 
ditfereiit traiiNformers 


l«b J»IO aS-O 230 240 250 iSfiO 270 
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required register ratio to record in kilowatthours 
may be de.tenniued.^ In practice the speed of the 
disk may be varied by adjusting the permanent 
magnets, aiid hence, the meter may be calibrated 
for use with standard register ratios (see sample 
calculations, Appendix yl). , 

In a<ljusting the iron-loss element at a given volt¬ 
age, the adjusiable resistor is used. With no current 
in the copper-loss element, on the basis of tlie watt- 
second constant as determined for the copper-loss 
clement, the upper element is adjusted for iron loss 

at the test voltage. . 

Ttciiisfonncr losses on polyphase citcuits 
measured by applying a number of single-phase 
compensating meters, or the several elements may 
be combined into a multi-element meter as in Fig. 4. 
In that meter the JE* and P elements of each phase 
actuate the same disk. 



Accuracy Considerations 

In considering the accuracy of the compensating 
meter, 2 conditions require consideration: (1) the 
effect of temperature variations of the transformer 
on copper loss measurement; and (2) the effect of 
transformer voltage regulation on iron-loss measure¬ 
ment. While it is possible to design compensating 
meters to correct for these inaccuracies, it can be 
shown that their effect in terms of load-plus-loss is 
entirely within the accuracy within which it is 
possible to maintain watthour meters on high voltage 
circuits. It should be noted that the relation of 
loss registration to total energy is dependent largely 
upon the load, and with full load on a transformer 
the total loss generally ydll be less than 2 per cent 
of the load. It follows that even a 10-per cent error 
in losses would result in only 0.2-per cent error in 
load-plus-loss. At no-load, when the losses repre- 


POWER 



Fig. 3—SiNGLis-PiiASB Compensating Meter and Watthour 
Meter Connected on Low Voltage Side op a Power Trans¬ 
former 


Compcnimtlng meter conaiets of one und one I' element. The register records 
total losses in kilowatthours 


COMPENSATING METER 



Pj(s. 4—Arrangement of Compensating Meter for Complete 
Loss Measurement on a 3-Phasb 4-Wire Circuit 

Meter connate of 3 combined B« and /»elements, and uaes 3 disks which actuate 
a kilowatthour register 


sent the total high voltage load, the effect of voltage 
regulation is zero, and h^ce the iron loss measure¬ 
ment is accurate under this condition. 
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Fig. 6—(Left) Voltage 
Regulation Curves for 
A Typical 7.6-Kva Dis¬ 
tribution Transformer 


Fig. 6—(Right) Effect 
OF Voltage Regulation 
AND Temperature on 
the Accuracy of Load- 
Plus-Loss Metering 

Curves show the maximuin 
condition of error, which 
occurs with full load on the 
transformer; see Table I for 
accuracy at smaller loads 



LEADING LAGGING 

PER CENT POWER FACTOR 


Temperature VariaMon and Voltage Regulation. 
The higher operating temperatures in transformers 
are associated with higher copper losses, and there¬ 
fore it is advantageous to base the copper loss adjust¬ 
ment on a temperature at or near the f ull load 
operating temperature of the transformer. The 
75-deg C copper loss has been used as the basis of 
adjustment for all calculations, tables, and tests. 

The practical effect of both voltage and tempera¬ 
ture variation has been calculated for a wide variety 
of conditions in Table I, which shows the percentage 
error in terms of load-plus-loss for a 7.5-kva trans¬ 
former. In practice these errors will be less than 
those shown, since compensating metering generally 
would not be installed on transformers as small as 
7.6 kva. Voltage regulation curves for the trans¬ 
former considered are shown in Fig. 6, and Fig. 6 
shows the accuracy performance graphically under 
the condition of maximum error as determined from 
Table I. 

High Voltage Metering Performance. The perform- 


TABLE I—EFFECT OF VOLTAGE REGULATION AND VARIATION 
IN OPERATING TEMPERATURE OF THE ACCURACY OF LOAD- 
PLUS-LOSS MEASUREMENT FOR 7.6-ICVA DISTRIBUTION TRANS¬ 
FORMER* 


ance of high voltage metering is of interest as a basis 
of comparison. Figure 7 shows typical accuracy 
characteristics for 2 types of meters connected to 
modem instrument transformers. The ciuwes are 
based upon perfect adjustment of the meters, which 
are adjusted to correct for instrument transformer 
errors at the 3 setting points. Commercial tolerance 
generally would be of the order of ±0.5 per cent 
from the values shown, and therefore the actual 
performance obtained in service would deviate to 
some extent from the curves. Some variations would 
result also from minor differences in characteristics 
between different meters and instrument trans¬ 
formers. It should be noted that the measurement 
of iron loss alone, which occurs on a high voltage 
retaliation at times of no load, is only with con¬ 
siderable error. The exciting current of modem 
transformers is of the order of about 2.0 per cent of 
the transformer rating, at power factors that may 
be as low as 10 to 20 per cent. A 10- to 20-per cent 
emor in the measurement of iron losses alone on a 
high voltage installation is not unusual; and in 
some cases iron loss alone is not measured at all, 
since its value is less than the starting load of the 
meter (see Table II, Appendix B). 


Per cent error in load-pltis loss measnreinent 


Per cent __ Per cent power factor 


Temp. fulMoad 100 

80 

60 

30 

60 

Deg C current 

Lagging 

Lagging 

Lagging 

Leading 



f 

... 0.00.. 

.. 0.00... 

.. 0.00... 

. 0.00.... 

. 0.00 


25. 

..,-1-0.06.. 

..-1-0.06... 

..+0.07... 

.+0.14.... 

.+0.13 

25.,.< 

60. 

...-1-0.13.. 

..-1-0.16... 

.+0.20... 

.+0.40.... 

.+0.26 


1 76, 

...H-0.20.. 

..-f-0.24... 

.+0.32.+0,63.... 

.+0.38 


Lioo. 

...-1-0.28.. 

..-1-0.34... 

.+0.46... 

.+0.90_ 

.+0.61 


( 

... 0.00.. 

.. 0.00... 

. 0.00... 

. 0.00.... 

. 0.00 


1 25. 

...-1-0.02.. 

..-1-0.02,., 

.+0.02... 

.+0.06_ 

.+0.08 

50.,,< 

60. 

...-1-0.07.. 

..+0.08... 

.+0,10... 

.+0.21.... 

,+0.16 

76. 

...-1-0.12.. 

.,+0.14... 

.+0.19... 

.+0.40.... 

.+0.26 


[lOO. 

...-F0.17.. 

..+0.20... 

.+0.26... 

.+0.82.... 

.+0.32 

i 

r 0 - 

... 0.00,. 

0.00... 

. 0.00... 

. 0.00.... 

. 0.00 

\ 

25. 

...-0.03.. 

..-0.04... 

.-0.06... 

.-0.10.... 

.+0,01 

75.... 

^ 60. 

...-0.03.. 

..-0.04... 

.-0.06... 

.-0.10.... 

.+0.01 

1 76. 

...-0.03.. 

..-0.04... 

.-0.06... 

.-0,10.«.. 

.+0.01 

1 

100. 

...-0.03.. 

..-0.04... 

.-0.06... 

.-0.10..,, 

.+0.01 


f 

... 0.00.. 

.. 0.00... 

. 0.00..,. 

. 0.00,... 

. 0.00 

1 

25. 

...-0.06.. 

..-0.08... 

.-0.10... 

.-0.18,... 

.-0.04 

85... ^ 

I 60 

...-0.08.. 

.,-0.11... 

.-0.14.-0.26.... 

.-0.08 

1 76. 

...-0.11.. 

..-0.14... 

.-0.19.... 

.-0.34.... 

.-0,12 


100. 

...-0.13.. 

,.-0.17... 

.-0.23,... 

.-0.42..,. 

.-0.16 


* Copper-loss element adjusted on the basis of copper loss at 75^C, and core 
loss on the basis of no-load voltage. 
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Fig. 7—Characteristics of 2 Types of Watthour Meters With 
Instrument Transformers for High Voltage Installations 

Curv^ are based upon perfect adjustment of the meters at the 3 setting points 
at which the meter has been compensated to correct for instrument transformer 
errors. Note performance at extremely light loads at low power factor, which 
condition exists when exciting current only is measured on a high voltage 

installation 
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Practical Application 

Consideration of the cliaracteristics of high voltage 
customers’ loads has made possible a practical sim¬ 
plification of compensating meters for such service. 
While theoretically, one compensating meter element 
is retiuired for each transformer in a bank, the con¬ 
siderations disettssed under “Accuracy Considera¬ 
tions’’ have mtide possible the development and use 
of a simplified form suitable for most commercial 
polyphase services. vSuch a meter consists of 2 P 
elements and 1 element. A precaution with A- 
connccted transfonner banks is that the impedance 
and reactance characteristics of the three trans¬ 
formers must be alike so that there may be no circu¬ 
lating current. This may be checked by calcula- 
tion."* Any bank in which there is an appreciable 
circulating" current, however, is objectionable also 
from the iK>int of view of transformer operation and 
should be corrected. If the transformers be such 
that the circulating current is negligible, the 2 
copper-loss elements can be calibrated for the total 
copper loss of the .'5 transformers and the core-loss 
element for the toUd core loss of the 3 transfoimers. 
In a meter of this form, copi)er loss measurement is 
accurate for 2-phase and for 3-phase open-A trans¬ 
former hanks, uml core loss measurement is exact 
when the voltages are balanced. For 3-phase 
A-connected transfonner banks the meter would be 
accurate for balanced load and voltage conditions. 
In (‘ommercial practice exact balance is rare; but as 
indicated under "Accuracy Considerations,’’ an error 
in loss measurement of even 10 per cent becomes 
negligible when considereil in terms of combined 
loaf 1-plus-loss. 

As an example of an hypothetical case of an ex¬ 
treme condituin of unbalance, a bank of 3 100-kva 

transformers (losses in accordance with sample calcu¬ 
lations, Aijpendix A) may be comidcred as carrying 
a single-pluisc load of KM) kva at unity power factor 
with no load on the other 2 phases. The condition 
of maximum error occurs when the load is connected 
.so that the load current flows through both copper- 
loss elements. Under this condition the error in 
if)ss measurement approximates +21 per cent, but 
in terms of load-plus-loss less than +0.4 per crat. 

Conditions such as these rarely if ever would occur 
in practice. The errors indicated may be eliminated 
by providing compensating metering for each trans¬ 
fonner. It is apparent, however, tliattheniagnitude 
of these errors would not warrant the installatwm of 
the more complicated metering arrangement. This 
example has licen cited to indicate that such load 
unbalance as may be expected on polyph^e services 
would not affect the accuracy of the combined load- 
plus-los?s measurement beyond permissible limits oi 
tolerance, even when a lighting load is connected to 
one phase of a 3-phase bank. 

Measurement of Loss Demand 

The maximum demand of the loss may be inj¬ 
ured with a demand meter by providing contects lor 
its operation or by the addition of standard maxi- 



Fio. S'—A SiNOLis-PiiASE Compensating Meter Showing Separate 


Resistor Assismbly for Core Loss Element 


Meter consists of one /i!'** eienieiit and one element. Watthour demand register 
gives losses in kilowaltlioiirs and maximum loss demand in kilowatts. Resistor 
assembly serves for calibrating the core loss element 


mum demand devices. The maximum loss demand 
always will be coincident with the maximum load 
demand in kilovoltamperes, and if the load power 
factor be constant the loss maximum demand will be 
coincident with the maximum kilowatt demand. 
Customers’ power factors, however, are not neces¬ 
sarily constant, and theoretically it would be possible 
for a customer to have a maximum kilowatt demand 
of 20 kw at unity power factor (20 kva) and a maxi¬ 
mum kilovoltampere demand of 10 kw at 10 per 
cent power factor (100 kva). In practice, however, 
such conditions do not exist. Table IV in Appendix 
B shows the relation of kilowatt to kilovoltampere 
maximum demands of 30 typical customers’ loads, 
together with the effect on accuracy of using the 
ingvimiim loss demand instead of the^ simultaneous 
loss demand in determining the combined value for 
load-plus-loss. The maximum error noted was 
0.14 per cent, which is entirely negligible in the 
commercial measurement of maximum demand. It 
follows that the loss increment of maximum demand 
may be measured by applying a watthour demand 
register to the compensating meter. 


Measurement of Reactive 
Kilovoltampere-Hours 


Reactive kilovoltampere-hours of tr^sformer 
losses may be measured with a compensating meter 
by calibrating it in accordance with the reactive 
kilovoltamperes of the core and copper losses. It is 
evident from Fig. 2 that the core-loss element should 
be adjusted at about the average operating voltage, 
since reactive voltamperes vary more nearly m 
accordance with the fourth power of the voltap 
rather than with the square as me^ured by the 
compensating meter. The error introduced mto ^e 
determination of power factor is smaller than that 
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introduced into the reactive kilovoltampere-hour 
measurement. For low power factors the reactive 
kilovoltampere-hours of the transformer losses will 
be a relatively small percentage of the total, while 
rifear tmity power factor a much larger change in 
reactive kalovoltampere-hours is required for a given 
change in power factor. The errors introduced into 
the power factor determination would be within the 
limits of commercial tolerance except for conditions 
where the installed transformer capacity is much 
greater than the maximum demand of the load. 
Table V in Appendix B has been calculated for an 
assumed load factor of 26 per cent, and covers opera¬ 
tion at several power factors for various conditions 
of maximtun demand as related to transformer rating. 
It should be noted that the errors shown are for a 
10-per cent difference between the actual average 
voltage and the voltage for which the meter was 
calibrated during the entire reading period. It is 
apparent that when the meter is calibrated at or 
near the true average voltage, the errors will tend to 
cancel. 

Calibration and Testing 

, The method of calibration of the compensating 
meter with an ammeter and a voltmeter is self- 
evident from the general description of the method 
and from the sample calculation in Appendix A. 
Service tests may be simplified by using a rotating 
standard operating on the principle of the single¬ 
phase compensating meter, in whidh case compensat¬ 
ing meters may be tested in service by one man. 

Economics 

The desirability of using a compensating meter in 
preference to metering on the high voltage side will 
depend largely upon tiie savings to be effected, with 
due consideration to all features. A compensating 
meter installed would cost from $160 to $200 in 



Fig. 9—^Typicai. Polyphase Compensating Meter Panel 

ncludes polyphase load meter (left) Amplified form of polyphase compensating 
meter (right) and graphic demand meter (center) with test switches and resistor 
assembly in lower section 


addition to the cost of standard metering at the low 
voltage. Load-plus-loss metering equipment on the 
low voltage side usually may be installed indoors in 
buildings already available; for high voltage installa¬ 
tions, the greater cost of instrument transformer 
equipment, increased construction costs, the possible 
necessity for constructing special meter houses, or 
the erection of additional poles for mounting outdoor 
instrument transformer equipment must be con¬ 
sidered. Savings in space and the economic value 
of greater safety and continuity of service, as well as 
a possible greater accuracy of registration, all have 
a tangible value. Since practices and service con¬ 
ditions vary in different localities, the possible econo¬ 
mies that result from the use of compensating meter¬ 
ing may be evaluated only by considering the par¬ 
ticular conditions which apply. 

Conclusion 

It is apparent that the compensating meter makes 
practical the measxurement of high voltage energy 
from the low voltage side of power transformer banks, 
with an accuracy equal to that of high voltage 
metering. Under some conditions improved acai- 
racy results; and for the measurement of energy as of 
a remote point on the supply lines, the method is 
particularly advantageous. 

The cost of adding a pol 3 q)hase compensating 
meter to a standard low voltage installation is of 
the order of $160 to $200, and in comparison the 
greater cost of instrument transformer equipment 
alone frequently will be much greater for the higher 
voltage installations. Additional savings usually 
will result also from the lower construction costs for 
low voltage as compared with high voltage metering. 

In practice, there are a few cases for which the 
compensating meter may not prove as economical as 
metering on the high voltage side. Examples are: 
(1) customers who are supplied by a relatively large 
number of transformer banks, all connected to one 
high voltage service; and (2) customers who operate 
part of their equipment at the service voltage. 

For the usual types of high voltage installations, 
either customers’ billing or statistical, the application 
of the compensating meter will frequently result in 
important economies. The method is 6f particular 
advantage: 

1. When the cost of load-plus-loss metering is less than that of 
metering on the high voltage side. 

2. When the limited space available makes the installation of 
high voltage metering more difficult, and hence more expensive. 

3. When the load conditions are such that the power transformers 
may be energized for considerable periods without .carrying load. 

4. For exposed locations on the system where ordinary high voltage 
instrument transformer equipment may be expected to give trouble 
because of lightning or other disturbances. 

5. When it is desired to obtain registration as of the high voltage 
side to a point remote £rom the metering location. 

6. When a customer with a rate for low voltage service and with 
metering already installed, is changed to a high voltage service rate. 
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Assume the use of a standard watthour demand register with a 
scale of 10,2 kw, a gear ratio of 2,777-7/9, operating with a watt- 
second constant of 12,960. (Register constant *= 1.) The copper 
loss elements then must be recalibrated for a speed faster than 3.6 
sec per revolution. ^ 

Required seconds per revolution = 

12,960 o f%t\ 

Total Copper Loss “ 4,238 ® .^ ^ 

The core loss element then must be calibrated so that at 230 volts its 
torque will be equivalent to 1,112 watts. 

Seconds per revolution at 230 volts * 

K, 12,960 


Total Core Loss 1,112 


11.665 sec.(9) 


For tests in service at other voltages, 226 volts for example: 
230* 


Appemlix A~Samplc Calculations revolution = ^ x 11.666 - 12.178 sec 


.( 10 ) 


The applicutiou of u compensating meter to a 
specific installation will serve to illustrate the method 
of determining tlie initial calibration both for energy 
and reactive kilovoltampere-hours, and for the de- 
tenninution of power factor as of the high voltage 
side, on the basis of a test on the low voltage side. 

C'ondiliims Assumed. A bunk of 3 lOD-kva A-A transformers, 
13.800/230 volts, supplies the total load of a high voltage custoii^. 
ft is desiml to tiunisure both energy und demand as of the 13,800- 
voU side, using a 23(bvolt HOO-amp meter and a conipcnsatrag meter. 
The 'seeoiMlury metering equipment is connected to the pow^ 
transformer secondaries by 3 l,6t)0,000-cir nul cables, each 20 ft 

of Vtimpensating WaUltour Detmnd Meter. The 
manufacturers of the. transformers supplied the following data: 


Truiinf. 

No. 


ui rutM 
vottugi} 


Copper loMH 
(It 

(lilt loiul 


Per cent 
IZ drop 


l>cr cent 
exciting 
current 


(u). 
(b). 
fc) , 


...3KU... 
.. .:ieu . 
. .,:i72... 


... 1,176..... 

.4.1 . 

.3.0 

... l,l«5. 

.....4,06. 

.2,8 

1,171. 

.4.1 . 



Calibration for Compensating Reactive KUovoltampere-Hour Meter. 
If it be necessary to measure average monthly power faotor, a 
standard reactive voltampere-hour meter may be used on ^e 
low voltage side, and a compensating meter added for reactive 
kilovoltampere-hours of the power transformer bank. 

The procedure is the same as for the watthour met^, except that 
the calibration of the elements is based on the reactive instead of 
the energy components of the losses. The required reactive volt- 
anipcre values are calculated from the data of the transformers. 
The remaining calculations are the same as for the energy loss meter, 
substituting reactive voltampere values for watts. The constants 
of the reactive meter usually will be different from those of the watt¬ 
hour meter for the same transformer bank. 

For the installation under consideration, the foUowmg results are 
obtained from these calculations; 

Total reactive voltamperes of core loss at 230 
volts 

Total reactive voltamperes of load loss at 800 
amp 

Watt-second constant (JSTj) 

^conds per revolution for copper-loss element 
at 5 amp secondary (800 primary) 

Seconds per revolution for iron-loss element at 
230 volts 
Gear ratio {Rg) 

Register constant {Kr) 


« 8,629 

« 13,243 
- 43,200 

» 3.262 

* 6.006 
= 8,333-1/3 
« 10 


(U) 


Tolttl ooro loss al volts 381) + 3t)l» 372 = 

1,112 waits. 


Total copiH-T loss at bill load 
(75.3.1 aiup sccoiwlary) 1,175 + 1.165 + 1,171 »= 
3,511 walls. 


.( 2 ) 


.(3) 


i 27(5 watts.(^) 


UsliiB KtKbaiiiiJ ciirreul trausfornicr.s, copper loss at full 
loa.1 on current tnuisfonners (5-anip secondary) •• 

X .3,511 « 3,0(52 watts. 

753.1* 

Copper loss in cables (/*/{) 

_<k<|b72 ohm s X 2 »JC 3 

Total copper Et 800 amp - 3,0(52 + 270 - 4.238 watts... .(S) 

The eonipensating meter as s«Pld»«d "takes one reyolution^n^^ 
see with 5 amp in the current circuit (iKilh 

brate the cotnpeusatinff meter to read m kdowatthours, the normal 
watt-second constant would be 

K, » 4,2,38 X 3.(5 »< 15,2.'5(5..S watt-seconds iier revolution 
of the disk....... 

To use a staiulard register, it is 
watUsccoud comtant. By referring to the 

of standard registcr.s and constants, ‘^*1, of^these 

closest to that desired »7.28(J and 12.^ ^ 

watt-second consiant.s iimy lie used, and th(. of the 

be made by selecting,the one for which the dema^ seme or r e 
watthour demand register provides .suflicient overload capacity 
relation to the full load losses. 


Total losses at 800 amp (Iteim I and ^ » 
(380 4- 360 + 372) -f (3,902 -h 27(j) 


5,350 watts... .(7) 


Reactive compensating meters should be calibrated at approw^tely 
the average operating voltage. (See Fig. 2 for characteristics of 
reactive voltamperes of core loss.) , £ j. 

Calculation for Power Factor Obtained by TmL If pow^ factor 
be obtained by test (as for example, with indicatmg ms^ments) 
tests made on the low voltage side may s^e as a c^^- 

lating power factor as of the high voltage side. For the ^tallatjon 
under consideration, it is assumed that a power factor test on ^e 
tow voltage side shoWs a toad of 200 kw at 80 per cent power factor 

^^^With^this method the values determined for en^gy 
voltamperes of both core and toad losses, in accordance with Items 
1 , 5 , and 11 , are supplied to the power factor tester. 

The service calculations are as follows: 

200,000 _ « f. (12) 

Line current - ^ x 225 X VS “ 

641.5* X 4,238 _ o .. .(13) 

Watts copper loss - -. 

226* X 1,112 _ , .(14) 

Watts iron loss =-gio* . 

Reactive voltamperes of load loss 

_ 641.5* X 13,243 „ 0515 .(IS) 

800* ’ ■ ■ 

Reactive voltamperes of core loss 

226* X 8,629 _ , qq,,. . (16) 

*■ ^0* . 
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Codrdinating these values with the test results: 


Load 


Kw 


Reactive 

kva 


Kva 


Per cent 
power factor 


Low Voltage.200.00.160.00.230.00.80.0 

Iron Loss. 1-06. 7.90 

^?^o^;^^.v.v.:-.::2(l:7i.:::::::i6l^^^^.203.00.77.6 


over a relatively short period of time; 
are given in Table III. 


the results 


Taniw v—PBR. CBNT ERROR IN REACTIVE KILOVOLTAMPERE- 
HOt^MEASTOEMENT AND ITS EFFECT ON POWER FACTOR FOR 
^iIfE^C^ IN APPLIED VOLTAGE FROM CALIBRATED 
^TA^ FOR THE ENTIRE READING PERIOD 

Based on: assumed load factor of 26 per cent; 3 100-kva tramrformers in ac- 
cordance with sample calculation Appendix A 


Appendix B—Test Data of Performance 
Under Various Conditions 

Comparative Results for a Service Installation,. 
This test was made in an office building supphed 
from 2 2,300-volt 2-phase 3-wire services, each 

connected, to a bank’ of 2 250-kva 2,300; 115/2^- 
volt transformers. Either bank may carry the 
lighting or the power load, and in case of emergency 
both loads may be supplied from a single bank. 
Results of these tests are given in Table II. 

• Comparative Results for a Test Installahon, Two 
7.5-kva 2,300/230-volt distribution transformers were 
connected to transform from 230 volts to 2,300 and 
back to 230. Identical meters were connected to 
the input and output sides, and a compensating meter, 
adjusted for the losses of the transformers, was con¬ 
nected to the output side. The tests included a 
wide variety of load and power-factor conditions 


Maximum 

kva 

demand 

in % Load 

of transf. power 

rating factor 


Per cent difference in Difference in 

reactive kva»hr _ % power factor 

Actual avg. voltage in % of calibration voltage 
■go ioO Xlo 99 100 U? 


100 


76 


50 


25 


/lOO . 

J 86.6. 

1 70.7. 

V 60 . 

/IOO . 

j 86.6, 

V 70.7. 
50 . 

/IOO . 

j 86.6. 

1 70.7. 
y 50 , 
/lOO 

J 86.6 

• ] 70.7 
V 60 


+11.9....0. 
+ 2 . 8 .... 0 . 
+ 2 . 0 .... 0 . 
+ 1 . 6 .... 0 . 
+15.4,...0. 
+ 8.7....0. 
+ 2.7....0. 
,+ 2 . 1 .... 0 . 
,+19.9,...0. 
.+ 6.4....0. 
,+ 4.0....0. 
.+ 3.2....0. 
,+24.0....0, 
.+ 8.9....0, 
.+ 7.3....0 
.+ 6 . 1....0 


-12.9.. 

,-0.29.. 

..0.. 

..+0.66 

- 3.9.. 

.-0.81., 

,,0.. 

..+1.24 

- 2.9.. 

.-0.76.. 

,,0.. 

..+1.16 

- 2.3.. 

.-0.60.. 

..0.. 

,.+0.79 

-14.6.. 

.-0.40., 

..0.. 

..+0.82 

- 6.0.. 

,-1.08.. 

..0.. 

..+1.60 

- 3,8.. 

.-1.02.. 

...0., 

.,+1.49 


- 3.1....-0.72....0....+1.06 


-16.0.. 

.-0.70.. 

..0.. 

.+1.66 

- 6.7.. 

.-1.61.. 

..0., 

.+2.36 

- 5.0.. 

.-1.52.. 

..0.. 

.+2.10 

- 4.4.. 

.-1.09.. 

..0.. 

..+1.62 

-17.0.. 

. -2.08.. 

,.o.. 

..+4.09 

- 9.8.. 

,-2.91.. 

,.o.. 

..+3,89 

— 8.3.. 

. —2.71.. 

. .0.. 

. ,+3.26 

- 7.3]’. 

.-2.08., 

..0.. 

..+2.26 


It ttould be noted that the table shows extreme conditions of error Mce it 
.....m.. differences between caUbration and actual average voltage of 10 ^ 
cent for th* Mtire period of the reading. When a true average volte^ is used for 
the Mllbration test of the reactive kilovoltomperc-hour meter, the errors will 
tend to cancel. 


table II- 


-COMPARISON OF MEASURED INPUT. OUTPUT. AND LOSS KILOWATTHOURS ON 2 280-KVA 2.800:116/230-VOLT TRANSFORMERS 


Interim kilowatthours 


Per cent differences between 


Elapsed 

Input 

billing 

Input 

test 

Output 

meters 


Loss 

From input 

Outout- billing 

From input 
test 

time 

(days) 

meter 

(polyphase) 

meters 

(single^phase) 

A phase 

C phase 

plus-loss 

meter 

meters 


Installed—Connected to power load (Approximate power fa<^or 
innflo. 10.110. 9,833 . 297.16.. 

- 75%) 

. 286.63.. 

. 10,116.79. 

+0.66. 

... +0.07 

10. 

21. 

30. 

40. 

50. 

. .Meters tested 

. 8,330. 

. 7,100. 

. 6,680. 

. 7,000. 

,.. 8,360. 

... 7,120. 

... 6,670. 

... 7,040. 

. 7,770. 

. 6,580...... 

. 6,987. 

. 6,440. 

.. 294.76.. 
... 261.08.. 
... 292.71. 
... 294.64. 

. 289.72.. 

. 264.76.. 

. 289.13.. 

. 288.51.. 

. 8,364.48. 

. 7,096.79. 

. 6,668.84. 

. 7,023.06. 

.+0.29. 

. -0.06. 

.-0,17. 

.+0.33.... 

... -0.06 
... -0.34 

... -0.02 
... -0.24 




. 36,310 . 

...1,440.2 . 

1 A/\a 

30 168.95. .. 1 ... 

.+0.28 _ 

... -0.10 

Total power. .. 

. 39,070 . 

... 39.200 . 






(^OT^eTw^Iighting load (A-phase only) C-phase loss meter removed for tests in 

laboratory (see Table III) 
. 6,758.39. 


... -0.32 

4. 

4. 

. .Service oil switch opened for construction work 






16. 

.. * Service oil switch closed—load 

0 

.. 178.97. 


. 178.97 . 


....+100.0* 

21 . 

21 . 

28 . 

36 . 

42 . 

. .^condary load switch closed 

. 9,020 . 

. 10,600 . 

’ 11,960 . 

. 0.910 . 

. 8,816 . 

. 10,372 . 

. 11,688 . 

. 9.634 . 

... 227.48. 
... 239.46. 
... 251.75. 
... 232.46. 


. 0,042.48 . 

. 10,611.46 . 

. 11,889.75 . 

. 9,866.46....... 


.... +0.25 

.... +0.11 
.... -0.60 
.... -0.44 

—A Ai. 

49 . 

66 . 

63 . 

70 . 

77 . 


.... 8,670 . 

.... 11,150 . 

.... 10,400 . 

_ 3.480 .V 

81,840 . 

. 8,348 . 

, 10,882. 

. 10,162. 

. 3,873..... 

79,841. 

... 218.66. 
... 246.93. 
... 236.33. 
... 72.79. 

....2,044.11 


. 11,127.93 . 

. 10,398,33 . 

. 3,446.79 . 

. 81,886.11 .. 


t., * —u.ue 

.... -0.20 
.... -0.02 
.... -0.40 

.... +0.06 

Total A-pnase .. 

Combined light and power . 

.,..121,040 . 

..116,151 . 

...3,484.31 

. 1,408.76.. 



.... +0.003 


♦ input test meter did not register since core loss is less than the sta^g load of the meter (1,104 watts - 0.48 per cent of meter rating). 
(+)^«n8 indicate that putput-plos-loss is greater tlmn input registration, 

(i) signs indicate that output-plus-loss is less than input registration. 
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TMU-K III “COMPAKISON of MKASURKD input, output, and loss KILOWATTHOURS for tests on 2 7.6-KVA TRANSFORMERS 

UNDER VARIOUS LOAD CONDITIONS 

(230/2,300-2,300/230«volt connection, single-phase load) 


Per cent 
loud m 
power 
tratud 

Ikr cent 
load uii 
input 
met er 

l*er cent 
power 
factor 
(iiipttc) 

Per cent 
load 
factor 
(output) 

Duration 
of test 
(hours) 

Measured 

output 

kwhr 

Measured 

loss 

kwhr 

Measured 

output- 

plus-loss 

kwhr 

Measured 

input 

kwhr 

Per cent 
difference 
between 
input 
kwhr and 
output- 
plus-loss 
kwhr 

Possible 

accuracy 

of 

reading 

registers 

(%) 


1 0 

35,0-..,. 


.187 . 

_ 0 

_21.038_ 

.. 21.038_ 

20.975... 

. ..+0.31 ... 

... sfcO.7 

0 .... 

.. I.t).. 

. . .35 .01 

k 3.3 

24 . 

.... 14.527.. 

_ 3.208.., 

.. 17.735_ 

.. 17,625... 

.. .+0.626... 

... ±0.6 

too ... 

. Otl.O.. 

. , .00.1 } ' ' 


‘12 1 







0 .... 

. 1.0 . 

j... 


24 . 

_ 50.587.. 

.... 6.005... 

.. 64.692... 

,, 64,636... 

...-0.068.. 

...±0.16 

100 .. 

. .00.0.. 

...00,1J 


18) 







0 ... 

.. 1.0.. 

...Hfl.OY 

... 50.0 . 

. IJSI 32 • 

....119.122.. 

.... 8,372,.,. 

,.127.494.... 

..127.67 ... 

...-0.066.. 

... ±0.065 

UK) ... 

. .00.0.. 

...OO.l 1 


110 ) 







KKl 

. .00 0 . 

,..00.1_ 

,...100 . 

. 16 . 

....110,071,. 

.. . 6.736... 

..126,806,,. 

..125,87 ... 

...-0.052.. 

...±0.066 

25 

,. 17. a . 

. ..08.0_ 

... 100 . 


.... 63.701.. 

.... 2.137... 

66.838.,. 

.. 66,96 ... 

...-0.2 .. 

... ±0.183 

15.0 .. 

. .11.4.. 

...25.5_ 

... 100 . 


.... 18.454.. 

.... 3.068,.. 

.. 22.422... 

.. 22.376... 

...+0,21 .. 

...±0.49 

4a3’.8... 

71.2... 


70.0.. 

100 ..,, ♦ 

. 16 

.... 50.301.. 

.... 3.042... 

.. 63.343... 

.. 63.460... 

...-0.2 .. 

... ±0.19 

, , aSU . u .. 

..47.5.. 

!! !hilo. 1 i. 

!!! 100 . ! . !! 

.15 . 

.... 76.023,. 

.... 4.138... 

79.161... 

.. 79.86 ... 

..,-0.24 .. 

... ±0.13 

xtt a 

! 30.2.. 

. 00 . 0 ..., 

... 100 . 

.24 . 

.... 08,052.. 

.... 4.762... 

..102.814... 

..102,75 ... 

..,+0,062.. 

... ±0.10 

QO<V--. 

at 7 

.' 34 , 8 .. 

’].85,0_ 

.., KK) . 


.... 55.100.. 

.... 2.008.,, 

68.098... 

.. 68.26 ... 

...-0.26 .. 

... ±0.18 

u n 

0 . 7 .. 

.25.0_ 

...100 . 

. 17 . 

.... 10.120.. 

.... 2,610... 

.. 12.639... 

.. 12.65 ... 

...+0.71 

... ±0.90 

o.w.«. 

7 a 

5 7 

.’ ,24.6_ 

...100 . 

.04 . 

.... 33.406,. 

.... 0.023... 

.. 42.428... 

.. 42.276... 

.,.+0.36 .. 

... ±0.30 

« t a. .. 
21.2 .. 

. 15 0,] 

]!.40.H..., 

.,100 . 

.21 . 

.... 43.602.. 

.... 3.210... 

.. 46.802... 

.. 46.80 ... 

...+0.004.. 

_±0.22 

Coml lined 





....760.064.. 

....80.146... 

...830.210... 

...830.425... 

...-0.03 ... 

....±0.006 


(•4>) imiicatCM that hm i« Ktculcr than input rcKi!»trution. 

(-) iinlicatrM that uiitpul plilr* h»«t» in tliuii input registration. 


TAHI K IV--I,C 1 AI> ClIARACTHRISTIOrt Olf HO TYPICAL ClISTOMKRS' LOADS SHOWING ACCURACY OF A WATTHOUR DEMAND REGISTER 
rAItLK IV LOAD -run I-OSS INCRBMBNT OF THE MAXIMUM KILOWATT DEMAND 




CufUofttcr 

y4o. Itir.lnrs** chis-* 


Mcasurc<l 

luaxiinum 

kvf 

deiiuttui 


Measured 
kva at 
time of 
luaxinitiin kw 
deni;itid 


Per cent 
pttwer factor 
at time of 
maximum kw 
demand 


Measured 

maximum 

kva 

<lcinand 


Per cent 
error in 
indicated 
loss 

demand** 


Per cent 
error in 
indicated 
load-plus-losa 
demand 


I .Sllipf»utldtnK*.;. 

2. ..... fJtrrl npeeiallief**. 

3.. ., . Chrmivul fiiamifacturer*. 

4.. .... Tire iiiatiufavturrr*... 

.Wool ptfalurtH* .. 

0.Steel enlistrueliiiii*.......... 

7.. .. . Textile mill.. 

8.. ....5and and gravel* ... • • 

0.Oear wifks*. 

10.. .... Paper luuiiufaetorer*.-.. 

II .liriek inuiinfaeiurer*. 

12. . . Steel fmtmlry*.. 

13... 

14.. .... UuHMiUHffy*. 

li^.Steel tubfiig inaimfuetiirer*.. 

10 .,.. .Ilnsiery luill . 

17.. ... . PuUtliniC material. 

18.lecidaul* . -. 

to .‘rextilc mill.. 

20.. ... . Sttiid and grav**!.. 

21 .Cimduit tiianufactiirer. 

22 .Hosiery lutll* ... 

23.. .... Car repair ulmp*. 

24 .Aircraft tdaiit. 

25.. .... Dairy.... -. 

20.. ....5.eelcnostrueliali*... 

27..Oftke Imlldtiig... 

28.. Laundry. 

20.Signul service. 

30.Waste maiiufaeturei*.. ■ 


,875.0. 

.2,180.0. 

.86.9.,.. 

,720.0. 

.2,450.0. 

.70.2..., 

,500.0. 

.1.705,0. 

.87,9.... 

.308.0. 

.1,547.0. 

.88.3.... 

,300.0. 

.1,424.0. 

.91.2... 

.200.0. 

.1,434.0. 

.83.6.,, 

,160.0. 

.1,400.0. 

.77.2... 

,040,0. 

.1,145.0. 

.90.8... 

800.0. 

. 896.0. 

.89.3... 

672.0. 

. 736.0. 

.91.2... 

662.0. 

. 552.6. 

.90.0... 

615.0. 

. 666.0. 

.91.0... 

608.0. 

. 502.1. 

.86.9... 

360.0. 

. 300.0. 

.92.3... 

163.6. 

. 1B2.6. 

.89.5... 

160.0. 

. 181.6. 

.88,1.., 

147.3. 

. 226.0. 

.66.2... 

130.4. 

. 142.5. 

.91.6... 

112.0. 

. 102.0. 

.09.1.,, 

100.0. 

. 136.2. 

.80.6... 

06.0. 

. 110.5. 

.86.8... 

70.6. 

. 02.3. 

.86.2... 

64.8. 

..... 68.7. 

.04.6... 

63.6. 

. 80.6- 

.71.0... 

60.3. 

. 66.1- 

.91.2... 

57.6. 

. 64.4. 

.89.4... 

54.8. 

. 76,0.... 

.73.2... 

47.0. 

. 58.8- 

.79.9... 

43,2. 

. 62.3.... 

.82.6... 

31.2. 

. 37.2.... 

.83.8... 


2,180.0. 

2 450 0 . 

_ 0 . 

_ 0 . 

. 0 

. 0 

i;726.0. 

_+1.72. 

.+0.048 

1,547.0. 

.... 0 . 

. 0 

1,424.0. 

.... 0 . 

. 0 

1,434.0. 

_ 0 . 

. 0 

1,630.0. 

_+3.90. 

.+0.126 

1,145.0. 

_ 0 . 

. 0 

895.9. 

_ 0 . 

. 0 

. 736.0. 

.... 0 . 


662.6. 

.... 0 . 


666.0. 

_ 0 . 

. 0 

692.1. 

.... 0 . 

. 0 

390.0. 

.... 0 . 

. 0 

. 182.6. 

_ 0 . 


. 182.2. 

....+0.63. 

.+0.016 

. 226.0. 

. 143.2. 

.... 0 . 

....+0.76. 

. 0 

.+0.020 

, 167.0. 

....+3.99. 

.+0.144 

. 136.1. 

_+0.97. 

.+0.030 

. 110.6. 

_ 0 . 


. 92,3. 

_ 0 . 

. 0 

. 68.7. 

_ 0 . 


. 89.6. 

_ 0 . 

. 0 

. 06.1. 

_ 0 . 


. 64.4. 

_ 0 . 


. 76.0. 

.... 0 . 


. 68.8. 

. 63.3. 

.... 0 . 

_+2.78. 

.....+0.083 

. 37.2. 

_ 0 . 



f+“SlSStSS™S-?S.'S JS ' 


Discussion. 


For discussion of this paper see page 829. 
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Transactions AVI.E.E. 


Discussion 

TESTING OF HIGH SPEED DISTANCE RELAYS 

(George —see page 802) 

R. C. Buell: Actual tests of relays under system operating 
conditions provide the most reliable assurance of the proper 
functioning of this protective equipment. However, the fact 
that the relays have previously operated, or subsequently operate 
correctly once during a staged test, does not prove conclusively 
to a skeptical operating force that their operation was correct 
during a particular system disturbance. Careful analysis of all 
relay operation during system disturbances may disclose any 
erratic operation of such devices. However, in making any such 
analysis the relay engineer has been greatly hampered in the 
past by the lack of accurate data showing current and voltage 
magrnitudes, and sequence of breaker operation. The only ac¬ 
curate method available for obtainii^ information actually to 
check relay operation during system disturbances is by the use 
of an automatic oscillograph, which always is ready to record the 
actual quantities that cause the operation of the relays. 

Tbe writer believes staged tests are expensive. Can Mr. 
George give us some idea of the cost of staging a relay test on a 
1 10-kv circuit? It is the writer’s belief that the elimination of the 
necessity of just one such stage test woxdd justify the use of an 
automatic oscillograph that would be available to check con¬ 
stantly the proper operation of relay equipment. An example is 
cited in the following: 

Only 3 of the 4 oil circuit breakers of a double-circuit, 110-kv 
line involved in a double circuit fault opened, the fourth failed to 
open, but after three seconds the fault cleared. Did the relays 
on the fourth breaker function incorrectly? The automatic 
oscillograph record showed that due to high fault resistance, the 
current was too low to operate the single line back up protection 
provided for this circuit. With this positive information provided 
by the oscillograph the relay engineer immediately turned his 
attention to the design of a more effective method of protecting 
this line, rather than to test in an endeavor to hnd out what 
happened. 

H* R« Huntley: In the third item of the suggested program 
for staged tests, Mr. George mentions cooperation with the com¬ 
munication organizations in cases where ground faults are to be 
placed on power transmission lines in connection with relay 
testing. Cooperation between .the power and communication 
people is, of course, particularly helpful in situations where there 
may be inductive coordination problems, since in such cases, 
data* of value from the standpoint of coordination may often be 
obta^ined at much less expense than would otherwise be involved. 
Also, as Mr. George points out, data obtainable by the communi¬ 
cation people may, in some cases, be of value from the stand¬ 
point of power system operation. 

]M[« S« Schneider: Mr. E. E. George states that no satisfactory 
method has been developed for placing a temporary fault on a 
hot transmission line. 

A very satisfactory method for placing artidcial faults on 
energized transmission lines has been used by .the Union Gas and 
Electric Company. It consmts of three pieces of pipe supported 
on pillar insulators, with a bar arranged on a pivot so that when 
released by a solenoid and trigger arrangement it will fall across 
these pipes by gravity. The cross bar is insulated from the con¬ 
trol circuit by an insulating link. The solenoid can be operated 
by portable batteries, or most any source of supply. The device 
is easily dissembled for transportation and can be set up and 
adjusted in a short time. It has been used very successfully at 
voltages up to 132 kv and could be extended to higher voltages 
without difficulty. 

In low-voltage testing of any relays, and in particular distance 
relays, special emphasis should be placed on the wave form of 
current and voltage as this may have considerable effect on their 
calibrations. It . is not sufficient that the impressed voltage be 


sinusoidal as the iron present in relay circuits usually will distort 
the current wave considerably unless precautions are taken. This 
distorted current may have considerable effect not only on the 
relay but also on the indicating instruments. 

Mr. E. E. George has not emphasized the importance of 
TTiininniTn wipe of contacts on bouncing of relay elements. Many 
otherwise mysterious incorrect relay operations can he found to 
have been due to this effect. If this type of operation is foimd, 
adjustments can easily be made to correct it. 

In distance relays the coordination in timing between the 
various elements of the relay is very important for correct per¬ 
formance. The writer agrees with the author that the moat 
satisfactory way to determine this is by staged primary testing, 
as this takes all factors into account, and no assumption need be 
made. We have found for our system that the best time to make 
these tests is during heavy load conditions, as the system dis¬ 
turbance is less than at light load periods. The system set up 
can be changed, or as is usually done, current limiting devices 
can be used to obtain the required current. 

The writer can testify to the value of the automatic oscillo¬ 
graph in analyzing the performance of relays since we Jiad one 
of these devices installed on our system for a considerable length 
of time. One instance in which a supposedly incorrect operation 
was found to be correct after analyzing the record of the auto¬ 
matic oscillograph is given in the following paragraph. 

During a severe lightning storm all four 66-kv circuits con¬ 
necting the Columbia generating station of the Union Gas and 
Electric Company with the Hartwell-Terminal substation re¬ 
layed, but only 3 of them operated at both ends. At first this 
appeared to he an incorrect operation but a careful analysis of 
the oscillograph record showed that faults had occurred on only 
the 3 lines which had opened at both ends. The fourth one was 
opened at the generating station by the excessive load current. 
Another interesting and valuable conclusion drawn from this 
record was that, although these faults had appeared to bo simul¬ 
taneous, they occurred several seconds apart. Also, the first two 
faults were on circuits on separate double circuit lines. It may 
be that other seemingly simultaneous faults were separate faults. 

Nevertheless, even though the automatic oscillograph is a 
valuable aid to the relay engineer, it can not take the place of 
staged tests, which will give information on relay performance 
under a large number of different conditions in a short space of 
time. 

H. W. Smith: In any distance relay application it is desirable 
to know by how much the ratio of the current transformers 
breaks down under conditions of maximum short circuit at cer¬ 
tain locations. 

As staged tests usually are made with less than maximum 
short-circuit currents in order to avoid excessive system distur¬ 
bance, they do not usually develop conditions which give the 
maximum ratio change in current transformers; when this is the 
case it is necessary still to determine the maximum ratio change 
by other means and to allow for it. 

It should be borne in mind that, in general, current trans¬ 
former ratio change under short-circuit conditions is much more 
pronounced on 25-cyole than on 60-cycle systems. 

In the application of distance relays of impedance type to 
underground cable systems where conductor resistance is equal 
to or predominates over reactance, the quantity to be mea¬ 
sured by the relays may change to the order of 10 per cent on 
account of resistance variations due to temperature. This is a 
factor that is not taken care of automatically by a staged test 
and which must be allowed for. 

A- R» van C- Warrington: Mr. George has made several 
valuable criticisms and suggestions concerning the improvement 
of testing instructions provided by manufacturers of distance 
relays. The only suggestion that is difficult to follow concerns 
staged testing. Detailed instructions are not given by the manu¬ 
facturer because the few customers who employ this excellent 
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iiieMuid have* widelv ilitlVnuM: ways oi' carrying it out, and be- 
<»ausi* oi' tlu* gn‘a( variatitni in individual system connections. 
The sul)ject is beyond tlm scope of a relay instruction book» but 
it has b(*en very ably covert'd by this papt*r, which represents the 
tirst practical tr<*atise tm it. 

Unth*r the luwling of ’‘EqtiipuH'ut Usctl in Testing/’ a phase 
shifter is lisltnl as well as a reactor. While a phase shifter and 
phase angle im*lt*r an* useful for taking hnv voltage character¬ 
istics <»f the directitmal uuiis t)f iinptHlance and reactance redays 
in the laborat<u\v (to th‘te<*t current bias) yet in routine tasting 
of thes4' rt‘lays» a tappetl 10-ohm resistor is sunlcient to check 
the main charaeteri.stics tif either type tif relay. In the instruc- 
titms on the reaetanct' rehiy» the current through tlu^ relay is 
limited by a variable resistam*«^ ami a ttipped resistance in series. 
Ti) sifuulate tlu* sutlden cdiangc* from load Ui fault comlitions» the 
resistor is short-eiretiited ami the current is now limited by the 
rea^dor representing a th'ud fault. Similarly, by cutting out only 
part c)f tlu* resistance, an arcing fault can lu^ simulated. 

AlttiiUigh laboratory eliecks are ne(M‘ssary, we wish to eiiipha- 
si/a* tlu^ value tif initial sy.sletn tt*sts. whhdi an* the surc^st method 
<if sidting distunee nduys since they teheek tlu» ttverall (duinicter- 
Isiite; tif the lim*. etirrcnt translbrmcrs, potential transformers, 
atid rt'lays. 

K. E. C«‘oriiei 'riu* valut‘ of iuttt»mutie tiscillographic t^quip- 
nM*nt tin tlu* po\vt*r systtuu bus bt*t‘n well pre.st*nted by Mr. R. (^. 
Bu(‘ll luit it is pn^feiTctl to n^ganl Mich equipment as a <h»sirahle 
sutiplemcnt ami ntit as a sulisiituli* for stngetl te.sts. 

Mr. M. S. Schnciiler’s dt*vici* for placing a bmiptirary fault on a 
lull trausmi^ision line should he ol great value. M.ost of the 
<levict*s known by tin* writ<*r have not betm tlmroughly satis¬ 
factory tir reustmubly tdu*ap and c<inveiut‘nt. Mr. Sidineider’s 
coiiinients about adjusting relay contacts are oi great importance 
and his stat<»tiu*nt is endorstul withtmi tptaliilcaihin. (kiusider- 
abh* dilbculty has bt*t*n caused in tlu^ past by loo much contact 
wipe. Holiif silvi*r contacts are .supposetl to eliminates this 
tlifllculty. 

Tlu* co.Nt <»f slugtsl tests is small, perhaps hccau.se mo.st of the 
itu*n involved luiriiially an* on a monthly salary. Tran.s])ortatioii 
of men involves some direct cost and occasionally linemen arii 
reijuircd to assist in preparing for and carrying out the t.e.st.s. 
In g<*nf*ral the dir«'ct cott of .stagisi b*.sts is in.signillcani. The 
total direct ami iridircci costs of a 2*day program ot 15 or 20 
staged w’oulfl sehloin be ov<*r The real value of a 

Nlagctl test is in the numluT of questitnis it answers and the num- 
her of problems it hoIvcs, compared to any other moans of 
ohiaining these afisw**rs or solutions, whether they arc obtained 
by t(*<liou.H “paper niid pencil” methods, llippant *cut and try 
iiu*fhods, or pnthetu' “wait and hope” nicthods. 


RELAYING OE HIGH VOLTAGE INTEttCONNECTlON 
TRANSMISSION LINES 

(Snnncnu .see page* 80H) 

IL IL Eraleyi 1 'he writer di.s<msHCH particularly the part 
that Hystem stability 1ms taken in the protective Held. As 
pointed out by Mr. Sleeper it is now r(SH»gnr4cd that in riday- 
ing of Iarg<‘ capacity h^gh voltage lines stability is a major coi^ 
sidc*ration in their prob»ction. In fac.t it is the cdiief factor wliich 
has led Rj the dcvidopnumt of high speed breakers and relays. 

It may be gaihcn*d from statements made in the paper that 
the relaying fcatur<*H have not liecn entirely solved. Distance 
relays in coinhinati«m with carrier current are suggested as 
mcatiM securing inslauliineoUH tripping for Hie entire length of 
circuit. It appears ilouhtful howcvc'r, that distance relays omv 
will off(^r a complete wilutiim even when used in combination with 
carrier current ciontml. It is clear that any distance relay which 
is located at or near the njactance centi^r of the system may be 
subject to h>w or actually xcro voltage during severe surging or 
out-of-stf^p conditions. As system connections are changed due 


to lines being out of service or changes in connected generating 
capacity the reactance center, or electrical neutral, also will shift. 

Under some conditions therefore the lines may be tripped out 
at one point and for other conditions at another point. The dis¬ 
advantages of these are, of course, apparent. A suggested amend¬ 
ment therefore is offered to the 4th item of the “Requirements of 
the Ideal Itelay Scheme” to the effect that in case the systems 
lose synchronism the relays should operate to effect the separation 
at a preferred point only. 

The schemes using transferred tripping or carrier control all 
use .standard types of relays that are controlled in their tripping 
operation by the current and voltage conditions prevailing at the 
line terminals. If they are subject to incorrect operation during 
abnormal line conditions when not so controlled it may be cor¬ 
rectly inferred that they are not entirely free from faulty opera¬ 
tion when, controlled by pilot wires. In tliis respect they differ 
from the true pilot wire scheme wherein the two currents at the 
termiiuU iioints are directly compared. It may also be pertinent 
to recall that with carrier control, the signal wliich governs the 
tripping is initiated at any instant by the relays at only one end 
of the line. 


SWIN6 AND OUT OF STEP PERFORMANCE OF DIRECTIONAL RELAYS 
30 FAULTS 



It has already boon indicated that distance relays may give 
improper operations. This also is true of wattmeter type direc¬ 
tional elements used with both distance and overevraent relays. 
That such conditions can prevail is rather clearly indicated by 
Pigs. 1 and 2 which show the results of calculations made on an 
actual system of the typo under discussion. 

Pig. 1 shows the angxilar position of line current with respect 
to lino-lo-neutral voltage, plotted against time m it would app«M 
to the directional relays. The small vector diagram at Ime left 
shows the operating range of a directional relay. One line in 
section ilB of tho transmission line is assumed to have tripped 
out as a result of a three-phase fault. The dotted curve shows 
the angular relations when the power flow previous to the fault 
was just within tho stable power limit and the full line the con¬ 
ditions when the power flow was just above the stable . 

It will be observed that the relays at the two ends of the line 
are in the tripping tango for 0.62 seconds which would be more 
than suffloient time for high speed relays to trip out the remaining 
cireuit. Further calculations show that if the power transmits 
just prior to the fault had been 20 per cent greater the tirne 
interval for tripping the relays would be reduced approxmately 
76 per cent. This time interval also will become smaller and 
smaller on succoeding swings. It may be noted that the re- 
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actance center of this system is near station B for this particular 
operating set up. 

Pig. 2 shows the conditions that exist on the next section of the 
line. * In this section the time interval for tripping the relays is 
but 0.04 seconds. The chances of the relays tripping on this 
section are therefore reduced almost to the vanishing point. The 
operating angle of the relays on section BC has been purposely 
shifted to reduce the probability of tripping under ou^f-step 
conditions in order to eliminate dropping load at substation B. 

One of the selling points for distance relays has been that they 
would eliminate the necessity for extensive calculations to de¬ 
termine the proper setting of relays. This has not proved to be 
in accord with the facts. Not only is it necessary to make ex¬ 
tensive fault calculations but in addition studies of transient 
power swings in the case of long high voltage circuits also are 
essential if the requirements of complete protection are to be 
fully understood and satisfied. 

It may be that extensive work of this nature will not ^ways 
be required. If the ideal relay scheme is devised certainly it 
should no longer be necessary. 

SWING AND OUT OF STEP PERFORMANCE OF DIRECTIONAL RELAYS 
30 FAULTS 



Pig. 2 


L. N. Crichtons This subject is covered in such great detail 
from all points of view of technical requirements that the con¬ 
clusions must be considered authoritative. Many relay engineers 
might disagree with some of the details, but such small disagree¬ 
ments cannot change the conclusions. The particular advantage 
of the scheme which Mr. Sleeper suggests in his closing paragraph 
is that it is always workable, even if the carrier should fail. 
Incidentally, the equipment for this type of installation is ob¬ 
tainable. 

But what of the economics of this scheme? The distance relays 
will clear the majority of line troubles instantaneously from both 
ends of the section. In the minority of cases, where the trouble 
is near one end, that end will be cleared very fast. The reactance 
of the lipe will, on many systems, materially reduce the shock to 
the system while the sequential clearing is taking place. A further 
point is that if the system is not always operating under full con¬ 
ditions instability will result due to sequential operation. But 
even if a perfect relay system is provided, there are sure to be 
some failures of service. There is the occasional catastrophe, and 
there is the more frequent trouble in some lightning districts 
where more than one section of line is grounded either by the 
same lightning stroke or by several strokes separated by a short 
Interval of time. If this occurs in such a way that aU the ties 
are interrupted, the systems will be separated. It, therefore, 
appears possible that on many systems the expenditure for the 


carrier current to provide the additional last fraction of protec¬ 
tion may not give sufficient return to justify itself. If tMs last 
refinement in protection could secure absolutely continuous 
service, it might be justified; whereas if it reduces the total yearly 
failures from, say, 2 interruptions to, say, 1 of the unavoidable 
ones just mentioned, it might not be considered justifiable. Such 
an economic study based on the actual interruption records of 
several typical systems is something that is urgently needed. 

E. Ettlinderx The paper emphasizes the improvements in 
relaying that can be secured through the use of pilot wire 
methods, either using direct current or power line carrier chan¬ 
nels, in situations where, due to the complexity of the network 
requirements for speed, etc., such methods can economically be 
justified. 

In the last sentence of conclusion No. 2, the author indicates 
that future possibilities of pilot wire relaying seem to be limited, 
based upon economic considerations. It is my observation that 
channels for pilot wire service may be leased in some parts of 
the country from the Bell System at rates that are substantially 
lower than those for voice communication. On the basis of such 
rates there seems to be a greater chance for economic justifica¬ 
tion than appears in the paper. 

It has been my privilege recently to review the performance 
record of a pilot wire relaying system operated by the Oklahoma 
Gas and Electric Company in one of its divisions where, due to 
the importance of certain types of load, rapid relaying was 
required, which previously had not been obtainable, because of 
the nature of the transmission network, A pilot wire relaying 
scheme employing leased Bell System lines for a distance of 
approximately 20 miles was installed initially in 1930, and later 
extended to involve some 160 to 200 miles of transmission sys¬ 
tem. After the initial difficulties that are common to a new ap¬ 
plication had been eliminated in the first few months of opera¬ 
tion, very satisfactory results were obtained and the operators 
are highly satisfied with the service rendered. An indicating 
type of instrument was used continuously to indicate the con¬ 
dition of the leased wire circuit and experience indicated that 
although some discontinuities have occurred, they have not 
interfered with power line relaying. 

It is the writer’s opinion that with the rates that may be found 
available for leased wire service in various parts of the Bell Sys¬ 
tem, in connection with pilot wire rGla3dng, that specific study of 
situations is warranted to determine the economies of pilot wire 
relaying versus carrier current p^ot relaying where other methods 
of relaying are not adequate. • 

S. L. Goldsboroudh* The idea of compelling a distance relay 
to continue to indicate according to its original interpretation is 
entirely feasible and can be carried to considerable advantage in 
some cases. The feature cannot be secured by any type of seal- 
in-device but rather must be accomplished by giving the distance 
elements a low resetting value. In all oases where the opening of 
the breaker restores full voltage to all relays responding to cur¬ 
rent through that particular breaker, the reset value can be made 
extremely low thus accommodating large values of arc resistance. 
However, in the case of parallel lines or similar conditions, a low 
reset cannot be tolerated because it is necessary that the distance 
elements reset on an ohm value only about 20 to 30 per cent 
greater than the value involved during the original interpreta¬ 
tion. This idea can therefore only be applied to considerable 
advantage on applications where the breaker opening immedi¬ 
ately produces normal voltage on the distance element. 

It does not appear quite logical to use the fictitious average 
time of distance schemes for comparison purposes. Prom the 
standpoint of stability in the nximerous cases where it is saved 
by the high speed clearing of one end of the line, it appears to 
be more correct to say the distance relay scheme is a high speed 
scheme for all faults. 

E. M. Hunter and E. H. Banckers This paper is a very 
fitting sequel to Mr. Neher’s Use of Communication Facilities in 
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Transmission Line Relaying^ in summarizing the recent de¬ 
velopments and present state of the protective art. It is note¬ 
worthy that attention is turning once more to one of the oldest 
and most nearly ideal forms of relaying, namely, pilot protection. 
As the author states, it has suffered from two disadvantages, the 
necessity for providing some other form of backup protection, 
and the cost and maintenance of the pilot conductors. That the 
first is not a great deterrent is evidenced by the almost universal 
use of the analagous differential protection for generators and 
transformers of any size. It has therefore been because of cost 


each end. When the relays are acted upon by two opposing 
factors, such as fault and swi^g currents or two simultaneous 
faults i^ different lines, the more potent will prevail and the 
result may be a delay in tripping. Furthermore a pilot system 
based upon the use of circuit rather than conductor conations 
is not inherently insensitive to the currents arising from swings 
and instability. It is however, possible by proper design to pre¬ 
vent such a system from unnecessarily tripping lines during 
instability or to arrange it so that only the line spanning the 
electrical center will clear, whichever is desired. When a split 


that pilot protection is in such limited use. 

The renewed interest in the pilot forms of relaying may be 
directly ascribed to the rising cost of other types of protection 
not depending upon time as the basis of selectivity. In other 
words the pilot scheme has been considered the ideal but to 
avoid its cost, recourse was had to less expensive and less effective 
forms of relaying. As the need and desire for better protection 
arose the cost of the substitutes began to approach that of the 
best, so that now the disparity is often slight when the costs of 
the entire installation are compared. 

The writers agree thoroughly with the author’s last sentences 
under the subjects “Pilot Wire Relaying” and “Carrier Current 
Pilot Relaying.” It is our opinion that when aU of the factors 
are taken into consideration some form of pilot relaying can 
economically be justified on practically every important inter¬ 
connection between large systems. This especially is true of 
systems operating near the stability limit, since pilot relaying is 
more ea.sily rendered insensitive or immune to oscillations than 
any type of distance relay. 

The characteristics exhibited by a severely oscillating or 
unstable system deviate only a trifle from those obtaining durii^ 
short circuits and differ from each other by a very small amoimt. 
Tho protective relays are required to operate for faults, must not 
operate for swings, and may or may not be required to operate 
during instability depending upon individual preference of users. 
Sinc 5 e distance relays are surveying instruments that utilize the 
electirical dimensions of the system at their location, they are 
presented with a very difficult problem of discrimination in 
attempting to distinguish between faults, swings, and instability. 
In an impedance relay the discrimination between normal a»nd 
abnormal conditions usually is performed by the impedance 
devices. In a reactance relay it must be performed by a starting 
fault detecting unit and not by the reactance elements. This is 
so because except during faults, reactance elements always will 
measure the distance to that point of the system where unity 
power factor exists, and as this must invariably be in the instan¬ 
taneous zone of some relay, it would clear at once if aUowed to do 
so. The comparison of the relative susceptibility of impedance 
and reactance relays to system swings, must therefore be made 
between the impedance elements and the starting element of the 
reactance relay and not directly between the distance me^urmg 
elements. This is too involved a story for treatment in this ois- 
cussion, and it is the writers’ intention to present it more fully 


in the near future. 

While the writers are in agreement with the author with respect 
to the economio superiority of the uewer forms of pilot rel^y^i 
the limitations of these newr forms must not be overlooked if 
satisfactory results are to be obtained. In the earlier J^es of 
pilot protection a direct comparison was made between the m^-, 
nitude, phase angle, or both, of samples of current tom each 
end of each conductor of a circuit. Any dissraulaxity was ein- 
dence of an internal fault and indicated immediate by the 

relays to dteconneot the line. In the newer types all of the con¬ 
ductors comprising a circuit are treated as a umt, the oonditioM 
at each end are translated into relay contact position, and t^ 
result telegraphed to the other end via a pilot or earner cwouit. 
If, as is customary, a single telegraph chapel is used, only one 
iudioation can be transmitted with regard to the conditions at 
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at a predetermined point is required the pilot system may be 
arranged to be inoperative for unstable conditions and a separate 
out-of-step relay used to separate the unstable sections at tho 
desired geographical point. 

The writers do not agree with the author that the suggested 
scheme of using distance relays with transferred tripping via 
carrier, incorporates the good features of several systems and 
omits the undesirable features of aU. It would be no more secure 
against incorrect tripping during swings than the distance relays. 
The trip impulse would not reach the remote end whenever the 
conductors used as a carrier channel are short-circuited. There¬ 
fore for the most severe faults, the three-phase ones, the schemes 
would not provide fast tripping. It is recognized that some im¬ 
provement in reliability would be obtained if the trip impulse 
were sent over another circuit such as another line or an actual 
pilot wire but any carrier pilot system that uses the line itself 
as a channel should only do so when it is not at fault. In other 
words, carrier should be used only as a blocking medium for 
external faults and the clearing of internal faults which may m- 
volve the carrier channel should be independent of carrier 


operation. 

The use of the automatic oscillograph for recording system 
disturbances cannot be too highly recommended. A record of the 
magnitude and phase relations of the currents and voltages at a 
relay station during a disturbance shows the number of phases 
and whether or not ground was involved in the fault and elimi¬ 
nates all guesswork as to the cause of the relay operation. It is 
not always possible to stage short-circuit tests to check relay 
settings and the need for such tests is reduced if a record is ob¬ 
tained of system disturbances as they occur. 

E. E. The requirements of tbe ideal relay scheme 

have been presented by Mr. Sleeper very adequately and it 
seems doubtful if many engineers would suggest any in^rtant 
in such requirements at the present time. When it 
comes to the relative advantages and disadvantages of the vari¬ 
ous schemes, opinion is likely to be shaded by operating ex^- 
enoe and various en^eers will have thrir preferences based on 

experience and local conditions. Whilo we ^ree almost entire^ 

with everything in Mr. Sleeper’s paper there are a few pomts 


hat suggest discussion. , i * 

mslanee Relays. For instance, we feel that no wrioiM ^y is 
atrodueed in a reactance type relay by the operation of 
letector element or starting unit. This unit replays the di- 
eotional unit of the impedance relay and is fast, even m the ongi- 
ud type of distance relay. The time of operation is o^y a few 
sydes at ordinary operating currents and natnr^y 
mavy short circuits. Newer designs have rendered this time 
ledteible. While it is true that the reactance m^rmg or o^ 
init win tend to operate during out-of-step conditions and other 
sxtreme surges, the starting unit has p^tioally the reveree 
iharacteristic (made possible by shifting the phase angle of pick 
an), so that coordinated action of the two elemmts is neoeMary 
for tripping. This inherently requires that the pick-up and drop¬ 
out vSues of the starting unit shodd be ^ry ^ 

has been brought out ia the discussion by Messrs. E. M. Hunter 

andB H.Bandcer. Most of tho improvement m distance relay 

design' and application since the origin^ development^ been 
du^ improvLents in the art of coordinatmg the star^ and 
reactance measuring of the relay. In the wnter’s opimon it is 
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possible to give almost ideal protection either to long or short 
lines with reactance type distance relays. In general, operation 
on outK)f-st6p conditions can be controlled to a satisfactory de¬ 
gree and these relays are now operating satisfactorily on many 
extensive interconnections which formerly presented very diffi¬ 
cult relay problems. 

Some readers may question the statement that distance relays 
are relatively inexpensive. While the relays themselves are 
costly compared to overload relays, they require very little in 
the way of major equipment changes, instrument transformer 
changes, or auxiliary circuits. Therefore the overall installation 
and maintenance costs of distance relay schemes are relatively 
low, especially in view of the freedom from limitations on line 
design and operating procedure common to previous types of 
protection. 

Pilot Wire Relays, It is encouraging to see the inherent ad¬ 
vantages of pilot wire protection brought out so clearly in Mr. 
Sleeper’s paper. 

One new factor in favor of pilot wire relaying has just ap¬ 
peared. It appears that one of the large communication com¬ 
panies is now willing to make a distinction in its rate schedule 
between leased control circuits and leased communication circxiits 
by offering a much lower rate for the former class of service. 
This seems logical since the control circuits do not have any 
traffic expense and are not chargeable with the advantage of 
tying in with a world-wide commimication network. The 
enormous undeveloped field for pilot wire protection will tend 
to make the use of pilot wire protection more or less inversely 
dependent upon the unit cost. Capital cost can be changed to 
an operating cost by the use of leased circuits. If the rates for 
leased pilot wire service are lowered sufficiently and if the pro¬ 
tective and maintenance practices now imposed by the communi¬ 
cation companies are modified to suit the power companies’ re¬ 
quirements as they may develop from time to time, it seems 
probable that no other scheme of protection known at the present 
time could hope to compete with pilot wire in the near future for 
transmission line protection. 

Perhaps, a combination of distance relays and leased pilot 
wire circuits may combine the advantages and eliminate the 
disadvantages of the two schemes, since certain distance relays 
provide an adequate initiating unit for the pilot wire and also 
give back-up protection in case of pilot wire failure. 

J. H. Nehers Mr. Sleeper is to be congratulated on his excel¬ 
lent presentation and summary of the advantages and disad¬ 
vantages of the various methods available for relaying inter¬ 
connection transmission lines. The writer comments on his sug¬ 
gested theoretical solution of the problem, which consists, in 
effect, of distance short-circuit and instantaneous overcurrent 
ground protection applied to each end of the line, supplemented 
by a “transferred tripping” arrangement of the carrier current 
t^e in order to obtain instantaneous tripping over the entire 
line length. The objection is, of course, the high cost of the sup¬ 
plementary transferred tripping feature; and this cost is charge¬ 
able only to the speeding up of the tripping on 30 per cent of the 
line. 

Considering the transferred tripping feature separately as a 
supplement rather than as a component part of the scheme, this 
part of the problem involves merely the ability to transmit at 
all times a distinguishable signal instantly from one line end to 
the other in either direction. Simultaneous signal transmission 
in both directions is not required. Since it is probable that 
facilities for some form of telephonic communication already are 
provided between the stations terminating the li^ne, I reiterate 
the statement made in my paper to which Mr. Sleeper has re¬ 
ferred, i,e,, that the logical means of transmitting this signal is. 
over the communication system already installed. Although 
certain difficulties suggest themselves, particularly when the 
communication lines are leased, and when they pass through 
switchboards, nevertheless, these difficulties are not insurmount¬ 


able, and I believe that when they can be overcome,, this will 
result in a lower cost for the transferred tripping feature than if 
a carrier current communication channel were installed solely 
for the purpose. 

Where the selectivity of the relay protective scheme is not 
dependent upon the reliability of the signal transmission, some 
sacrifices in the reliability of the communication channel may be 
made in order to justify economically the addition of the trans¬ 
ferred tripping feature. The possibility of incorrect tripping due 
to false signals may be minimized by making the receivers re¬ 
ceptive only when their associated distance relays are endeavoring 
to operate in one of their several zones, 

O. C. Traver: Mr. Sleeper’s paper details definitely the 
absolute need of prompt action in the clearing of faults. This 
coincides with the manufacturers’ ideas, but it is probably more 
convincing to operating men, coming as it does from one of them. 
It is only to be expected that there will be a difference in opinion 
concerning the relative effectiveness of the various means for 
accomplishing this result, which is a minor consideration once we 
are conscious of the value of speed. 

Mr. Sleeper points toward a speed goal which, though seem¬ 
ingly distant, is considered by us as designers to be not only 
attainable but surpassable. Probably none of the methods 
described in this paper has reached its limit of speed. Distinct 
improvements have been made while the paper was being 
printed. More are in sight. In fact, if one were to plot a curve 
showing the average delay in selective relay timing against each 
of the past ten years, the result would be startling. 

There is, clearly, some misunderstanding concerning the pur¬ 
ported limitation of reactance relays to short line applications, as 
stated in the paper. In general, the longer the line, the easier it 
is to protect with distance relays, whether of the impedance or 
the reactance type. The fact that some maximum lengtli of line 
for the average case may have been assumed, is no barrier to 
oaring for a longer line, if encountered. This capability of operat¬ 
ing on both short and long lines is peculiar to a first power action 
such as inherently exists in a reactance relay. It is an out¬ 
standing advantage of the reactance relay as compared to the 
second power performance of impedance relays. 

Though distance relays have not, as yet, been much used for 
ground faults, it is chiefly a question of economics. Methods of 
overcoming this handicap will be announced at a subsequent 
meeting. 

While it is inherently true that any distance relay tends toward 
unnecessary operation under system oscillating conditions, wo 
cannot agree that the impedance type is superior from this stand¬ 
point. In the case of the reactance relay with which the writer is 
concerned, the starting unit requires, at unity power factor, 
nearly four times its reactive setting to function. This is the 
chief control during surges. The suggested use of the original 
measurement to determine the time for operation of an impedance 
relay would be more hopeful if we did not need to consider the 
conditions directly following the clearing of the fault. System 
oscillations, for example, may have progressed sufficiently to 
continue an action and cause faulty tripping. 

The only criticism offered in the paper to carrier-current pilot 
protection is one of speed and this frankly not as an objection to 
its use, but simply because it does not come up to the high 
theoretical standard. On the other hand, it comes nearer to 
that goal submitted by Mr. Sleeper than any other practical 
method for the average trunk line. We may well add that for 
tapped lines, the carrier method stands in a class by itself. 

The operating time for the carrier pilot has not reached bot¬ 
tom. It probably will not be long before it will meet this standard 
also. It is not good engineering policy to attempt to reach the 
ultimate at once. 

For parallel line protection I consider the balanced current 
relay preferable to balanced power wherever the former is ap- 
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plicable (and it usually Is) biauiiiso nf the faster action and the 
froodoin from potoutiul counoelions. 

The sufTfi^ostod schomo at tho elosi^ of the paper is one of con¬ 
siderable promist* though lud quite now, having been described 
in the Gross IT. S. I^atent No, l.S49,S30. Until means have been 
devised to insure* passing earri(»r tlirougli a fault, tho blocking 
method will bo preferable. 

It appt*ars, tlnu't'fori*, that' all of Mr. Sleeper^s dilhciilt requiro- 
meuts will, in time, be met excepting possibly tho one of cost. 
In general, cost will follow tho general rule of varying with value 
and this will be inversely as the reduction in time. This tendency 
tikwurd iTi(»n‘ase will, on tlu‘ other hand, be tempered as usual 
by the i'fTi'cls of q\iautitles and <^xperionce. 

W» E. WlnterhttUen Mr. Sleeper has given a comprehensive 
outliiu* of iiroblems which, as interconnection loading iaerGa.ses, 
impose new demands on equipment for system protection. 

The near future will (ind substantial progress toward realiza¬ 
tion of soiiu* t»f tlu^ characteristics Hpecniicd for ideal protection 
of intiU’connect iotiH. More inherent sidection, a close approach 
to simultaneous isolation of both terminals of sections, less 
sUH(?epiibility to indis<!riminat(i operation during oscillation be¬ 
tween syshuns, and adaptation to clearance of phase and ground 
faults, are outstanding featun^s of the most recently developed 
carric‘r current pilot wire protection, Imptulance and reactance 
relays as appHe<l Ut protection of interconnections do not, at 
present, show any pnnuise of im*eting these requmunents to the 
same degree, but stibstanlial impnnuutieiits in tlie dirtHJtion of 
decnnised operating iinui without inc.urring unreliable operation 
on moderate swinging bf‘tw(sui .systems, can be expected to in¬ 
crease their us<dulneHH. 

Observathm of (»ne typ<? tsudi of impedance and reactance dis¬ 
tance n*lays on several tiustable hitercoiincctions has shown, that 
lH>th are subji*ct to indis<<riiniuate oiHwatiou in about the same 
degree during violent swinging ludwcaui .systems. Such opera- 
ti<ms invariably octuirred at sectionalizing points closest to the 
idectrical c(Uiter of the interconnection. 

Tin? reactauett relay in <iiu*Hiion is somewhat dititu’ent from 
either type des{*ribcd liy Mr. Hlccpc^r; its assembly consisting of 
a starting tdcmeiit, a rea<dauci^ oliiniueter ami a d-c operated 
timer. Installations re(iuiring ov(^rall distance measurements up 
to 14 ohms setjondary nuietancc, from r<*lay to distant fault loca¬ 
tions, htive been in service, for .mweral years without experiencing 
tripping under normal peak loads having 18 to 1(5 ohms secondary 
impcdutice and the* usual range of load power tiwitors. This is 
made possible by features incorporaUsl in the starting element, 
the two principal ones being its adjustment to have maximum 
torqm.*^ ats large angles <»f big (bo(.w<’'cn 4i> and 75 degrees), and a 
potential <dr<niit wbic.U limits (uirrcnt variation in tho “volt- 
ampere operating element** voltag<^ coil to a ratio of 10 to 1, for 
a variation of primary^ voltage between 100 per cent and 1 per 
cent. 

Negle(?t to specify or a<ljust (whe.n more than one adjustment 
is provided) directional tdetuents having an angle of maximum 
torque corrcisponding <4oHely the average ])ower factor angle of 
short circuit currents is, with all dir(Htiic)nal relays, a major source 
of disappinnting results mvAv as incorrect directional indication, 
slow, and insensitive operation. 

The most de.sirable ll(4d for impedance and roacAance relays 
appears to he in prolcsstion of interconnections that are reason¬ 
ably rigid atnl wheridn remdance relays, not having objectionable 
features outlined by Mr, Slcei)er, ar<J more generally applicable 
since tlie variable* resistance component of impedance is elimi¬ 
nated in their ohumnder distance measurements. Experience 
up to the present time would indicate that pilot vrire protection 
should be given preferentH^ where invtistigation shows that sys¬ 
tems or sections of systems arc subject to violent oscillation and 
cannot maintain synchronism if heavy faults are not cleared 
within 0.2 to 0.3 seconds. 

A fair comparison of costs for relay and auxiliary equipments, 


exclusive of breakers and potential and current transformers or 
devices, would be 12 to 15 per cent for the directional overcurrent 
type, 25 to 40 per cent for the impedance or reactance types, and 
100 per cent for carrier current pilot wire equipment. Each type 
mentioned has a definite application on present day systems and 
in considering their qualifications to protect service and equip¬ 
ment, each is least expensive in its legitimate field. 

The problem of maintaining system stability during distur¬ 
bances has been given the conspicuous place it deserves as a 
primary factor dictating speed requirements of relays and 
breakers. In its solution, an additional demand, distinctly 
separated from required functions of earlier relays and breakers 
is incurred. Prom an economy standpoint it would seem that 
due credit should be given a protective system that will con¬ 
tribute substantially to this end when comparing it with one of 
limited value in this respect. 

Considerable caution must be exercised in the use of bushii]^ 
current transformers, bushing potential devices, and low voltage 
potential transformers. The low ratio bushing type current 
transformer has a very limited burden capacity and also a low- 
impedance secondary, comparable to, or less than, that of low- 
current rated induction overcurrent ground relays. The bushing 
potential devices have not in every case proved satisfactory for 
energizing impedance and reactance relays. The use of low 
voltage potential transformers may introduce complications in 
selecting suitable adjustments of impedance or reactance relays 
where interconnections are long, and terminal transformer im¬ 
pedance or reactance may be that of several banks. 

H. Sleepers Several have disagreed with my conclusion 
that the future for pilot wire relay protection in this country is 
apt to be limited. It appears to me that this is solely a question 
of economies. If this scheme proves to be the cheapest to permit 
the simultaneous tripping of terminal circuit breakers it will be 
certain to be used. If as Mr. Neher suggests the same circuits 
can be used for telephone communication it would certainly seem 
that present costs can be improved where separate circuits are 
now required for the two functions. Also the attitude of the com- 
inunication companies is interesting where special rates ore 
offered for leased circuits used for relay work only. I still feel 
that the best scheme inherently and theoretically is some system 
which is self-contained in the high tension transmission system 
and at tho moment this brings us logically to some system of 
carrier current transmission. ... 

If, as some of the manufacturers have commented, it is im¬ 
possible at present to transmit a carrier impulse over a faulted 
high tension circuit it would seem to point out clearly the op¬ 
portunity for research work. The present scheme of using the 
blocking system, rather than the direct tripping system, of 
carrier current relaying appears to me to be fundamentally wrong. 
It immediately imposes a necessary interval of time selection 
while the blocking relays are operating, and greatly more^es 
the probability of incorrect relay operations due to the fact that 
all circuits passing fault current must have a correct relay opera- 
tion in order that only the defective section will trip. The toect 
tripping scheme avoids this and in addition should enable faster 
operation to be secured. The engineering solution of tMs prob¬ 
lem does not seem to be insurmountable since its equivalent has 
already been accomplished in high frequency wire telegraphy 
where the ground return system enables impulses to be trans¬ 
mitted over a broken wire. 

COMPENSATING METERING THEORY AND PRACTICE 

(Schleicher —see page 816) 

A. Boyajlant The scheme outlined by Mr, Schleicher is very 
attractive but unfortunately its field of application appears some- 

*^^''luIilpplioable only to the total load of a transformer and 
not to individual oustomers or feeders. 
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2. Three and four winding transformers compKcate it to such 
an extent as to greatly reduce or eliminate the economy of the 
scheme. 

3. Tap changing, especially if automatic, makes the loss 
measurements of doubtful approximation. 

4. Twenty per cent difference between the hot and cold im¬ 
pedance losses and the wide variation of cere loss exponent with 
voltage in different transformers may become .an appreciable 
item in some cases, for instance, when power flows in both direc¬ 
tions as in an interconnection. 

5. It requires the consent of the customer or public utility 
commission. 

6 . The equipment cannot be certified to by a testing bureau 
except by field tests at a great expense. 

7. As each case has to be an individual tailor made job, most 
of the economy may vanish if all the engineering expenses in¬ 
volved are fully charged against it. 

8 . Any litigation on the accuracy of billing could not be de¬ 
fended with any scheme other than high voltage metering. 

It may be significant to note that other low voltage metering 
schemes of even greater economy and accuracy than the one 
outlined by Mr. Schleicher have found very limited use: for 
instance, the scheme with a single watthour meter and a series 
line drop compensator for impedance loss and shunt compensa¬ 
tion for core loss, capable of approximating the variation of the 
losses with temperature and voltage very closely. The reason 
again must be that each job has to be tailor made, cannot be 
calibrated and certified to by itself, and engineering and verifica¬ 
tion expenses are very high. 

Certainly, schemes of this character may be used by mutual 
agreement, but, from the standpoint of engineering accuracy, 
none can compare with the modem high voltage instrument 
transformers. 

Stanley Greens This paper is of interest because it has 
possibilities for making a measurement that fundamentally the 
watthour meter with its instrument transformers is not able to 
accomplish adequately even if installed on the primary side of a 
transformer installation. 

Watthour meters always have been an accurate class of instru¬ 
ment and within the last few years have been made to be de¬ 
pendable on unity power factor within one-half of 1 per cent 
between load values of from 5 per cent of nominal rating to 300 
per cent of nominal rating. This accuracy is elxpressed in terms 
of actual energy measured rather than in per cent of nominal 
rating and marks the watthour meter as an accurate instrument 
over a singularly wide range of loads. But even this really is of 
no avail in measuring the core losses of transformer banks. The 
accuracy of the best modem watthour meters below 5 per cent of 
full load current and at extremely low power factors is an un¬ 
explored region and results obtained in this region will change, 
not only because of unavoidable variations in friction, but be¬ 
cause of inherent design characteristics that vary in different 
types of meters. It is doubtful whether commercially it is de¬ 
sirable to attempt any fmrfcher improvement of meters below the 
5 per cent load point on extremely low power factors. 

In the case of core losses of transformers, it is just this range 
of operation to which the watthour meter and its cunrent trans¬ 
formers are subjected. These fixed losses are of an entirely 
different order of magnitude than the main load current as far 
as their existence at any given instant is concerned, yet because 
they go on constantly it is not unusual to see their integrated 
importance assume the same order of magnitude as that of the 
load energy. This creates a difi&cult measuring situation and one 
which it is expecting entirely too much of the watthour meter to 
cover. Mr. Schleicher has pointed out this in connection with the 
watthour meter accuracy curves he has given in Fig. 7. The 
situation may be summarized by sa 3 dng that when primary 
metering is installed, a large element of uncertainty is introduced 


under a condition where the load energy is small and the trans¬ 
former bank is large. 

Although the author of the paper has intimated that his method 
may be used for billing metering, its application for statistical 
metering also, should not be overlooked. In the case of far-fiung 
power systems with large numbers of substation transformers, 
it may be beneficial to have loss metering, in order better to allo¬ 
cate energy distribution of the power system. An inherent ad¬ 
vantage of the method from a statistical standpoint is that it 
segregates the actual transformer losses from the useful energy 
passing through the transformer and in this way calls attention 
to undesirable conditions, if they exist. 

Paul MacGahant The problem of metering power as supplied 
at high voltage involves the question of avoiding the expense of 
high voltage current and potential transformers, as well as that 
of the errors of transformation. The latter generally is conceded 
to be relatively unimportant in modern instrument transformers, 
and, therefore, Mr. Schleicher's paper probably is of interest 
more particularly from the cost standpoint. 

The paper leaves the impression that the method desciribed is 
entirely new, and mention is made of a patent application cover¬ 
ing the “compensating meter." As a matter of record, it should 
be pointed but that this method of metering high tension power 
is not new. Meter engineers have been familiar with the scJiemo 
of separately metering the power transformer losses and adding 
the resxilt to the low-tension metering readings to obtain the high 
voltage power delivered. An article by L. J. Lunas in the Elec¬ 
tric Journal, April, 1929, p. 180, describes this method quite 
fuffy, as well as other methods. Furthermore, the Biemens- 
Sehuckert Company of Germany has circulars describing the 
method and listing ^e necessary transformer loss meters for sale. 

The question, therefore, follows as to why there has been no 
previous demand in America for the application of this system. 
In the writer’s opinion, this may be due to the application diffi¬ 
culties involved, particularly in determining tlxe proper calibra¬ 
tion to suit each separate installation, and in proving out the 
correctness of the result in a way that would be satisfactory to 
the consumer and to the Public Service Commissions. 

W. H. Pratts The novelty of the method proposed in this 
paper is not in the idea of adding loss measurements to secondary 
output, or of basing these loss measurements on values of current 
squared and voltage squared, but rather in combining in a single 
meter the measurement of the two types of losses. Descriptions 
of measurements of primary power based on the use of three 
meters, a watthour meter, a current-squared hour meter and a 
volt-squared hour meter are of numerous years’ standing. 

A drawback of the method is that a calibration of the power 
transformers is involved and the application of the method seems 
limited to those cases where the whole output of a transformer 
bank is used by the customer. There are other limitations also. 
It is questioned, if when account is taken of all the preparatory 
calibration and adjustment, whether most of the economies 
expected do not disappear. 

In the recent past, there has been so much reluctance to use 
the somewhat special meter structures that are required when 
two-stage meters are employed, that it is somewhat surprising 
to find this equally complicated metering method advocated. 

The final tabulation of the appendix bears out a contention 
that has been maintained for a good many years by the writer, 
that the power factor of loads at the time of maximum demand 
will be found within a rather narrow range. This has a bearing 
on the choice of simple forms of kilovoltampere meters when 
used for determining the kilovoltampere of maximum demand. 

G. B. Schleicher: The compensating meter has been de¬ 
veloped primarily to meet a very definite need in the field of 
high voltage metering equipment. By far the great majority 
of high voltage metering installations are installed on custo¬ 
mer s premises, and in this field the compensating meter already 
has demonstrated its advantages in providing for the simplifiea- 
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tion of the higfh tension receiving equipment, for improved 
accuracy, and for increased reliability both in operation and in 
registration. 

Experience has demonstrated that the accuracy is equal or 
better than for metering on the high voltage side, and that the 
required calculations and the calibration of compensating meters 
can be performed by metermen (not engineers) in accordance with 
an establislied routine. 

In regard to Mr. Boyajian’s points: 

1. When a transformer supplies more than one customer, there 
is no commercial need for high voltage metering, and hence 
neither high voltage metering nor compensating metering is used 
commercially for this purpose. 

2, 3. Multiwinding and automatic tap-changing transformers 
are always of large size, and are rarely if ever used on customer’s 
premises. Compensating metering can frequently be applied, 
but either for high voltage or for compensating metering each 
case of this type should receive individual consideration to de¬ 
termine the most economical method. 

4. Table I and Fig. 6 show the effect of both temperature varia¬ 
tion and voltage regulation to be well within the accuracy that 
can be maintained by a watthour meter on the high-voltage side. 
Their effect, therefore, is of negligible importance in the combined 
measurement of load-plus-loss. 

5, 0, 8. Public utility regulatory bodies undoubtedly will wel¬ 
come the improved accuracy and greater reliability of compen¬ 
sating metering, and the verification of an installation seems 
relatively simple. The major part of the load is measured by an 
ordinary watthour meter; the compensating meter may be tested 
with equal facility, and the transformer losses are easily verified 
from the manufacturer. And even a considerable error in losses 
could hardly affect the overall accuracy to the extent of bringing 
it outside of commercial limits. (See “Practical Application,” 
in the paper.) 

Customers also welcome compensating metering. In one case 
a customer who has no load at night now opens his primary oil 
switch and saves core losses. In another instance, a customer 
has disconnected one transformer in an under-loaded delta bank 
and thus operates more efficiently. Both are the direct result of 
installing compensating metering which has served as an index 
to inefficient operation. 

7, There is nothing “tailor-made” about a routine compen¬ 
sating meter installation. The manufacturer of the transformer 
supplies the loss data, and the calculation and mitial calibration 
of the compensating meter takes a meterman (not an engineer) 
about the same time as a comparable watthour meter. 

The line-drop compensator scheme, which Mr. Boyajian con¬ 
siders superior, has several important disadvantages. These are 
immediately apparent to metermen: 

1. The burdens imposed on instrument transformer secon¬ 
daries are high, which adversely affects the accuracy of registra¬ 
tion, not only of the loss but of the entire load. 

2. The compensating device operates on the load meter, which 
reduces its reliability and the certainty of its correct operation. 


3. The testing of the line-drop compensator is outside of the 
scope of metermen, and when compensation for temperature is 
added, such a test becomes an engineering problem. 

It is for these reasons undoubtedly that the line-drop com¬ 
pensator method has not found favor in metering practice. 

. Mr. Green indicates the desirability of extending the use of 
compensating metering also to statistical purposes. Undoubtedly 
there is a la^e field for the meter in this direction, because even 
in efficient transformer arrangements for conditions of maxi¬ 
mum load, the loss over a period of time frequently represents a 
surprisingly large percentage. 

Mr. MacGahan questions the originality of the method of 
metering as here proposed, and I concur to the extent that the 
addition of calculated & and 1^ components to the low-tension 
load is probably as old as transformers themselves, but the com¬ 
bined measurement of the losses in kUowatt-hoxns in a single 
meter is new. 

Mr. Lunas* article (bibliography 11 in the paper) describes two 
methods of metering; one is a combination of methods (1) and 
(3) listed in the introduction of the paper, and the other uses 
separate and P hour meters together with a watthour meter 
on the low-tension side. Incidentally, Pig. 4 of Mr. Lunas* 
article gives an indication of the magnitude of the burdens that 
the line-drop compensator method may impose on current trans- » 
formers. Such burdens are too high for accurate metering con¬ 
nected to standard current transformers. 

The bulletin of Siemens-Schuckert* and the second method 
described by Mr. Lpnas are identical, and possess the commercial 
disadvantage of introducing ampere-square-hours, volt-square- 
hours, and odd. multipliers, which imdoubtedly would prove 
rather mystifying to non-technical customers. The compensat¬ 
ing meter, while utilizing the same principles, combines the loss 
measurement into a single reading in “kilowatt-hours,” with 
which customers are already familiar. 

The bulletin of Siemens-Schuckert also answers Mr. Boyajian’s 
question with reference to the exponent of the core loss, by stat¬ 
ing in direct translation: “In adding to the readings of the watt¬ 
hour meter on the low-tension side the loss kilowatt-hour ob¬ 
tained from the and meters, one obtains the same number 
of kilowatt-hours as by measurement on the high-tension side.” 
This is true within the practical limits of accuracy at which 
meters may be maintained. 

Mr. Pratt recognizes the novelty of the compensating meter, 
but speaks of the calibration of the power transformers. It should 
be noted that the power transformers are not calibrated as instru¬ 
ment transformers are calibrated, because compensating meter¬ 
ing uses only the loss data which the transformer manufacturers 
already have available. 

Experience has definitely indicated the practicability and sim¬ 
plicity of the method. Its use provides not only for economies, 
but also for the simplification of the high tension structure, 
greater reliability of operation, improved accuracy, and the free¬ 
dom from f^iult disturbances which contributes to continuity of 
service. 

^ZaUerzwBesdmmung der Leerlauf- und Kupferverluste der Leistungs- . 
transformatoren/* Siemens-Scliuckert (Germany) Bulletin No. 1615/6. 
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T ests of many kinds are necessary to establish the 
rating and check the performance of an oil drciiit 
breaker. For many of these tests, such as insula¬ 
tion and heating, the apparatus required is commonly 
available, while the technique of making the tests is 
well known and the analysis of the results presents no 
vmusual problem. Equipment for making interrupting 
capacity tests on a large scale has not been generally 
available. Even though much has been published on 
these tests, there still seems to be some uncertainty of 
the correctness of certain testing schemes and possibly 
some question of the ability of even large laboratories 
to make tests that definitely establish the ratings of 
breakers of the larger interrupting capacities now being 
manufactured. So much interest has recently developed 
on this phase of oil <arcuit breaker testing, that it seems 
desirable to give a general discusaon of the many vari¬ 
ables in equipment, procedure, and interpretation of 
results. 

This paper is presented in connection with the in¬ 
vestigation of the entire subject of factory and field 
testing of circuit breakers now being carried out under 
the auspices of the Switching and Switchgear Com¬ 
mittee of the Association of Edison Illuminating Com¬ 
panies. It is thus a part of what it is hoped will 
eventually be a complete literature on the subject and 
is preliminary to the report which will be brought out 
by that committee at a later date and which will treat 
more exhaustively many of the same subjects covered 
in this paper. 

Equument 

Although numerous interrupting tests have been 
made in the fidd, the number of such tests is small com¬ 
pared with those made in laboratories. The eqmpment 
of an adequate laboratory,* in addition to especially 
designed generators, reactors, and transformers, must 
include such other apparatus as follows: 

MAJOB AUXILIARY MEASURING AND INDICATING 

EQUIPMENT _ 


Apparatus Usa 


Magnetic osoillograpli.Records currents, tripping impulse, voltage. 

contact speed and trayti, and pressure 
Cathode ray osdllograph.... Records recovery voltage characteristics 

Travel recorder.Provides record of contacttravel.contactpart- 

' ing. and speed for recording on magnetic oscil¬ 
logram 

Pressure recorder.Provides record of pressure at various places in 

breaker. su(^ as above oil and bdow oil. for 
recording on oscillogram 

pii.iii«tlc wattmeter.Records arc energy during interruption_ 


♦General Electrio Co., Philadelphia, Pa. 
tGeneral Electrie Co., Soheneotady, N. Y. 

1. For detailed description of apparatus and its arrangement, 
see “High Power Interrupting Testing Station,’’ by Q. F. Davis, 
Qen. Elec. Rev., February, 1932. 

Presented at the summer emotion of the A.I.E.E., Chicago, 
Jllinois, June S6-S0,19SS. 


Proceduee 

Interrupting capacity ratings of dreuit breakers are 
given in terms of the voltage of the system on which the 
circuit breaker may be applied and the current or 
kilovoltamperes which the breaker may be called upon 
to interrupt, the current being measured at the time of 
contact separation. There are, however, many addi¬ 
tional points which must be conada:ed if assurance is 
to be had from a series of tests that a breaker is capable 
of performing its rated duty under any conditions that 
may eidst in practise. The considerations which are 
involved, tiie extent to which these eonaderations 
influence the agnificance of laboratory tests, and the 
steps taken by testing engineers to assure reliable tests 
are discussed under separate headings below. 

CO terms OCO Tests 

The present standard interrupting duty cycle* sped 
fies that the intarupting rating of an oil dreuit breaker 
be based on two OCO operations (close on a short dreuit 
and trip). In laboratory tests, particularly on breakers 
whose fundamental design has been reasonably well 
established, the OCO tests are used. 

It has been found, however, that the CO cycle (trip 
from the dosed position) is very useful in the develop¬ 
ment of new designs of interrupting schemes. The 
reason for this is that the CO operation eliminates many 
variables and produces simpler records from which 
pressure, speed, arc duration, and other data pertinent 
to an understanding of the breaker performance are 
readily determined. Also, it is desirable in many cases 
to take advantage of the higher short-circuit currents 
made available by pre-tripping, that is, setting the trip 
Tnpt»1ia-ni.<!mn in motion before the short circuit is thrown 
on. The CO cycle lends itself more readily to this 
practise than does the OCO cycle. After satisfactory 
performance is indicated from the CO tests, OCO tests 
are made. 

The difference in duty resulting from OCO tests com¬ 
pared with CO tests is that in establishing the short 
circuit during OCO tests, ardng occurs which produces 
some pressure and contact burning. On poorly designed 
breakers, particularly those of flimsy construction or 
with inadequate or improperly designed mechanisms 
and opening springs, the OCO test may result in unusual 
stress on the breaker compared with the CO test. On 
the other hand, by a proper design of such parts as con¬ 
tacts and mechanisms, the arcing on closing during OCO 
tests can be so reduced that the OCO test is but little 
more severe than the CO test. In a few respects, the 
OCO cycle is less severe than the CO cycle, particularly 
when the tripping is so rapid that the breaker does not 

2. A.I.B.E. Standard 19-107. 
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close completely. Burning on the primary contacts 
may be eliminated in these cases, for instance, and 
excessive opening speed may be avoided. 

Pre-Tripping 

Pre-tripping means that the inherent delay in the 
tripping and parting of the breaker contacts after the 
short circuit is applied is eliminated by giving a trip 
impulse before the short circuit is applied. The princi¬ 
pal advantage of this procedure is that the interruption 
can be started while the generator short-circuit current 
is near its maximum. Thus greater use is made of the 
output of the generator. Many schemes are used for 
pre-tripping. Most of them are satisfactory, there 
being no one that is outstanding in its advantages. 

The use of pre-tripping is considered entirely legiti¬ 
mate in breaker testing. It has been questioned pri¬ 
marily on two counts, namely that interruption may 
occur while the short-circuit current is very much offset 
and therefore is easier to accomplish and also that 
higher than actual current interrupted may be indi¬ 
cated. From the <li.scus.sion of these items in another 
section of the paper, it may be seen that their relation 
to the interrupting duty is well understood and can 
readily be interpreted. 

Although pre-tripping on OCO tests is possible, it is 
not generally recommended because it may require the 
breaker to operate in a way not required in service and 
not contemplated in the design and so give very mis¬ 
leading results. 


Effect of Frequency 

On the older types of plain-break breakers where the 
arc duration was long, the results of interrupting tests 
at 60 cycles and 25 cycles were generally about the same. 
On the more modem types of breakers, however, par¬ 
ticularly those of the oil-blast type which on low volt¬ 
ages have normal arc durations of not more than a 
cycle, frequency may have a very decided effect on the 
breaker performance, the duty being more severe at 25 
cycles. The reason for this is that normally the arc 
will be extinguished at the first current zero. On 60 
cycles the first current zero will appear sooner than at 25 
cycles so the arc length on 60 cycles, and likewise the 
duty, is less. Breakers have suflicieni factor of safety, 
however, so that even though tested at 60 cycles, they 
will meet their full rating when used on 25 cycles. 

Power Factor 

It has been frequently stated that as the phase angle 
between current and voltage increases, the difficulty of 
interruption of the circuit increases approximately in 
proportion. The reason for this statement is quite 
obvious, for in the usual case final interruption takes 
place at a normal current zero. If the cuirent and 
voltage are in phase, this time will coincide with that of 
the zero of the voltage wave, whereas if the current and 
voltage are 90 deg out of phase, the time of current zero 


will correspond to the peak of the voltage wave. Thus 
in interrupting a purely reactive short circuit, the 
breaker must establish, in a fraction of a millisecond, 
dielectric strength between its contacts equal approxi¬ 
mately to the normal peak voltage to be establidied 
across them. This reasoning is confirmed by more or 
less isolated tests within the experience of most testing 
en^neers. 

Tests have been made by various investigators to 
determine the effect of power factor on arc druration.*'^’® 
Fig. 1 is taken from data obtained by Mr. F. Kesselring. 
It will be noted that the curves in this figure give an arc 
duration roughly approximating the second quadrant 
of an ellipse as predicted by the theory. This result is 
representative of those found by othCTS. 

These tests and theory indicate that there is a wide 
difference in the interruption between a purely reactive 
and a purely resistive short circuit. They indicate 
fxut;her, however, that in the region of a purely reactive 
short circuit, a considerable variation in phase angle 
may be allowed without greatly affecting the severity 
of the tests. Thus, while it is felt that the power factor 


Pio. 1 -Rblation- 
siiip Between 
Power Factor 
AND Arc Length 

1. Plain break 

2. wall largo explo¬ 
sion chamber 

3. With small explo¬ 
sion chamber 

4. With six series 
breaks 

T<!St8 made at 1,000 
kva, voltage not 
stated 

IiVom Kesselring'’ 



conditions in factory testing plants are at least as severe 
as those to be encountered anywha-e in the field, it is 
not felt that any slight discrepancy in this respect 
should be regarded as seriously influencing test ^results. 
In this coimection, however, it should be borne in mind 
that there is a very appreciable effect upon recovery 
rate, depending on whether a short circuit limited 
partly by resistance and partly by reactance has the 
resistance and reactance in series or in parallel, the 
parallel case being very much easier. The above dis¬ 
cussion applies to the series case. 

In the case of leading currents, these conditions may 
not apply, and in the case of transmission line charging 
currents, the situation is quite different. Here at the 
time of the first current zero, the interruption is very 
easy. The reason for this is seen in Fig. 2. After inter¬ 
ruption at instant A, the voltage of the tran^ission 
line remains constant as shown by the broken line; the 

3. Wedmore, WMtaey aad Bruce, Blee. Eng. Jl., 

^^4 G. Stern^d J. Biermans, E.T.Z., 1916, Vol. 37; p. 636. 

6. P. Kesselring, E.T.Z., 1927, Vol. 48, p. 1278. 
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voltage of the source from which the transmission line 
has been disconnected is shown by the full line, and the 
difference between the two represents voltage across the 
drcuit breaker. It will readily be noticed that this 
voltage does not rise abruptly to any appreciable value 
as in the case of a reactive short circuit nor does it even 
begin to rise with an appreciable rate as would be ex¬ 
pected in the ease of a resistive short circuit. The rate 
of rise initially is extremely small, and th\is an initial 
interruption at least may be expected with a vey small 
contact separation in almost any type of breaker, 

A B 

Fig. 2—Intbr- 

RUPTION OF 

Transmission 
Line Charging 
Current 

One-half cycle after this initial intemiption, however, 
at instant B, twice normal peak voltage appears across 
the circuit breaker contacts. In view of the short gap 
at which the initial interruption took place, this may be 
sufficient to break down the gap. This may take place 
at a comparatively low voltage in the case of an air- 
break breaker but it does not usually take place with oil 
circuit breakers on systems operating at less than 110 
kv. When this breakdown does not occur, the circuit 
has been finally interrupted at a very short arc length. 
When a breakdown does occur, however, subsequent 
oscillations may take place which can build up voltage 
across the circuit breaks to very high values, five and 
one-half times normal peak voltage having been re¬ 
corded on a transmission line in the field, and the 
theoretical maximum possible being almost imlimited. 

Thus tire interruption of line c ha rging current may be 
the easiest duty the breaker has to perform on a low 
voltage system or may draw arc lengths approaching 
those obtained on short-circuit conditions on a high- 
voltage system. It must be remembered in this con¬ 
nection that the line of demarcation between what are 
hae termed low voltage systems and voltage 
^tems depends entirely upon the breaker and may be 
well above any voltage in commerdal use for some types 
of breaker. The oil-blast circuit breaker has been tested 
in this respect on the lines of the American Gas & Elec¬ 
tric Company, a typical oscillogram being shown in 
Fig. 3. It may be noted that the arc lengths were very 
short and that voltages above twice normal were not 
encountered. 

Retasdation 

In most cases the alternator famishing the power for 
factory interrupting capacity tests is driven by a motor 
just large enough to supply the no-load losses of the 
alternator. The question has therefore arisen as to the 
extent of generator retardation due to the additional 
losses occurring in generator, busses and reactors, and 
circuit breaker at the time of a circuit breaker test. 


Should this retardation be appreciable, the frequency 
and voltage would of course be reduced in the same 
ratio as the speed of the alternator. Measurements 
taken on the machine used by the company with which 
the authors are associated, however, indicate that this 
retardation is negligible. For instance, in an extreme 
case a three-phase short circuit might be left on for one- 
half second and then intarupted by a breaker dissi¬ 
pating a large amount of energy in the arc. A test has 
been made in which the duration of the short circuit was 
28 cycles, but interruption was performed by a modem 
breaker dissipating a comparatively small amount of 
energy in the arc. The frequency was found to drop 
from 58 cycles per second to 56.8 cycles per second dur¬ 
ing the test. The rotational energy of the generator 
being 305,000 kw-see at 60 cycles, the loss in energy 
represented by this retardation is approximately 12,000 
kw-sec. Were a less effective breaker, dissipating more 
energy in the arc, used in such a test, the additional arc 
energy might in an extreme case run as high as 6,000 
kw-sec for a three-phase breaker. This would increase 
the total energy dissipation to 18,000 kw-sec and reduce 
the generator frequency to 66.2 cycles, a total drop of 
1.8 cycles or 3 per cent in frequency. Even this extreme 
case, therefore, does not give rise to sufficient change in 
the test conditions to warrant any correction, and it 
should be borne in mind that in a great majority of 
cases, the duration of short circuit is approximately 
one-fifth of that used in this example and the are enagy 
disripated in the breaker not more than one-tenth that 



Fia. 3—060II.I.OOBAM Showing the Intbebttption op Linh 
Chaboino Cttbbent 

Curve A —^BreaJcer trav^ 

Curve B —^Voltage across breaker 
Curve C—^Une current 

allowed here. Thus a drop of less than one-half of one 
per cent in frequen<qi^ and voltage may be expected in 
most cases. 

Decrement Curves 

The decrement of the short-circuit current affects the 
intermpting duty of the drctiit breaker in two ways. 

1. The arc current is slightly deoeased from the time 
of contact separation to the time of intermption. Thus 
contact burning and oil deterioration are very slightly 
less than would be obtained with the same initial cur- 
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rent in the arc and no decrement. Obviously, the decay 
of both a-c and d-c components entCTs into this effect. 

2. The recovery voltage is reduced, neglecting satura¬ 
tion, in the same ratio as the reduction in the a-c com¬ 
ponent of current from inception of short circuit to 
interruption. The effect of saturation is to decrease 
somewhat the amoimt of this reduction. 

On both of these scores, therefore, the present 
A.I.E.E. specifications give the breaker CTcdit for 
slightly more severe duty than it has actually with¬ 
stood, for the reason that the current at the time of 
contact separation and the voltage before short circuit 
are used in the calculation of the severity of a test. 
Moreover, as the decrement of the a-c component in 
factory testing plants is usually steeper than is obtained 
in the field, these effects tend to make factory tests 
slightly less severe than field tests. With machines 
approximating standard design and breakers built to 
interrupt with a short arc duration and a short total 
duration of short circuit, however, both these effects are 
small enough so that the additional labor required in 
order to make a precise correction does not seem 
warranted, the maximum reduction in recovery voltage 
which might normally be expected in the testing plant 
of the company with which the authors are associated 
being about 25 per cent as against a reduction of 10 per 
cent to 16 per cent to be expected on an operating sys¬ 
tem. In the matter of current, the disCTepancy probably 
is even less, not exceeding 5 per cent. 

It is posable, however, to btiild machines which have 
a very rapid decrement of the a-c component, this com¬ 
ponent reaching a value of less than 50 per cent in 3 
cycles. In these cases, it is felt that test results, unless 
made with special care to avoid this decremait, are 
subject to considerable question. 

Effect of Grounding the Short Circuit 

The effect of groimding on a angle-phase i^ort circuit 
is primarily a matter of voltage distribution within the 
breaker. In the plain-break breaker, if one terminal is 
at ground potential, one break is likely to take the 
principal part of the recovery voltage, rendering the 
other break or breaks more or less ineffective, whereas 
if the two terminals are at equal but oppoate potentials 
with respect to ground, approximately one-half the 
voltage will be applied to each of two breaks. With 
breakers employing special interrupting schemes, this 
effect is less likely to exist, for the arc lengths are in 
genatil shorter and this, in combination with the 
additional material used about the contacts, tends to 
increase the capacitance across the gap and thereby 
promote equal division of voltage. 

The gro unding of the neutral of a three-phase short 
circuit has several effects: 

1. The m^nitude of the recovery voltage to be es¬ 
tablished by the first pole to dear is reduced con¬ 
siderably. 


2. One terminal of this pole, however, is at ground 
potential, whereas in the ungrounded case, one terminal 
is in general at plus Vs of the total voltage with respect 
to ground while the other is at minus a. This tends 
to favor the ungrounded condition, as explmned in the 
first paragraph under this heading. . 

3. In the ungrounded condition, the interruption of 
the first phase is the most difficult, whereas in the 
grounded condition the interruption of the last phase is 
likely to be so. Hence in the ungrounded condition 
there are three poles working simultaneously on the 
hardest task while in the grounded condition, ’ the 
hardest task is left for one pole to accomplish. Further¬ 
more, if there is any difference in the interrupting 
characteristics of the three poles, the one clearing last 
is likely to be the weakest. 

The grounding of a three-phase short circuit, there¬ 
fore, introduces tendencies in both directions, and the 
balance will be determined by the relative weight of the 
opposing factors in the particular case. In the case of 
the Philo tests,* the arc lengths for the two cases were 
on the whole, approximately equal. 

The above discussion is predicated upon a ssrstem 
whose neutral is grounded. When the short circuit is 
ungrounded, it makes little diff^ence whether or not 
the system neutral is grounded. A three-phase grounded 
short drcuit on an ungrounded systMn, however, has the 
same properties as an migrounded short drcuit with the 
following minor receptions, the first of which tends to 
increase and the second to decrease the severity of the 
test: 

1. One terminal of the first phase to dear is at 
ground potntial and the other at full potential above 
ground. 

2. The recovery characteristic will have oscillations 
at two or more frequendes, at least one of which will be 
comparativdy low, not more than two thirds of the 
total recovery voltage being associated with the high 
frequency oscillation. 

In the laboratory of the company with which the 
authors are assodated, tests normally are made with 
the short circuit grounded, but the system ungrounded. 

Relattvb Severity op Single-Phase and Three- 
Phase Tests 

In both the factory and the field, it is often found 
convenient to deduce the performance of the breaker on 
three-phase short circuits from its performance on 
single-phase tests. In such cases, tests on a single pole 
may be made at leg voltage (58 per cent of line voltage) 
at 1.5 times leg voltage, or at full line voltage, depending 
partiy on the application of the breaks and partly on 
the judgment of the testing en^neer. 

Tests at leg voltage are justified where the breaker is 
to be applied on a solidly grounded systan and one so 
laid out that a three-phase ungrounded short drcuit is 

6. R. M. Spvrck and H. E. Strang, Circuit Breaker Fieid 
Teeta, A.I.E.E. Tbans., Vol. 60, p. 513. 
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impossible. Such arrangements are rare, however, and 
this type of test is very rarely sanctioned by the General 
Electric Company. 

The choice of 1.5 times leg voltage arises from the 
fact that, in a location where the irregularities intro¬ 
duced by ssmchronous machinery have been smoothed 
out either by the predominance of other types of 
apparatus (current limiting reactors, transmission lines, 
cables, etc.) or by the presence of amortisseur windings, 
this voltage is encountered by the first phase to clear 
of a three-phase ungrounded short circuit. There are, 
however, additional factors, varying somewhat in 
importance from one application to another, which tend 
to affect the performance of the breaker. Thus the 
presence of synchronous machinery tends to increase 
the voltage which may be expected in the three-phase 
ungrounded condition, although this tendency may 
practically be eliminated by an amortisseur winding, or, 
to a lesser extent, by the iron of a solid steel round rotor. 
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Appendix. An additional conaderation of slight im¬ 
portance lies in the fact that the decrement factor is 
lower in the case of three-phase short circuits than in 
the case of single-phase short circuits, resulting in a 
slightly lower recovery voltage for this case for the same 
short-circuit duration. 

The use of full line voltage for single-phase tests has 
in general no theoretical basis but is sometimes used in 
both laboratory and field tests either because it is in¬ 
convenient to under-excite to the lower voltage or 
because more power is available at the higher voltage. 

In the General Electric Company, tests are usually 
made at 1.5 times leg voltage, or 87 pa* cent of line 
voltage, and assurance is obtained that a liberal factor 
of safety is available even at this voltage, particularly 
when the breakers are likely to be applied where 
abnormally high recovery voltages may occur, as in the 
interruption of three-phase short circuits where power 
largely is supplied by waterwheel generators without 
amortisseur windings and without appreciable external 
reactance. 

Stated in another way, in ordw to rate a three-phase 
breaker on the basis of tests on a single pole, the current 
interrupted by the break® with a reasonable factor of 
safety is taken as the current which the break® may be 
called upon to interrupt in three-phase application, and 
the test voltage is in®eased 15 per cent to give the line 
voltage of the system on which the breaker may be 
applied. The three-phase kilvoltamp®es are thus V3 
X 1.15 times, or twice the single-phase kilovoltamperes 
obtained in test, with a proper margin of safety on both 
ciurent and voltage. 


Tig. 4—CALCtJiiATEG Pbobable Distbibotion op Abo 
Lengths fob the Fibst Phase to Clbab of a Thbbb-Phase 
Bbeakbb (Cubvb B ) Compabbb with the Assumed Pbobable 
Distbibution fob Each Pole Opebating Imdbpbndentlt 
Undeb Single-Phase Conditions Duplicating the Tbbbe- 
Phase Case (Cubve A ) 

Ba<di SGuare represents a probabntty of 1 per cent 

On the other hand, the fact that three poles are attempt¬ 
ing to clear the circuit at different times and that suc¬ 
cess on the part of any one renders the task much, easier 
for the otii® two, tends to increase the probability of 
clearing the circuit on three-phase tests in the early 
part of the region in which the circuit is interrupted in 
single-phase tests. Suppose for example that for a 
numb® of singl^phase tests on a given breaker, the arc 
length varies as shown by curve A, of Pig. 4. Here the 
%v®age arc length is 10 in. and the frequencies of arc 
lengths of 9 in. and 11 in. are both one-half that of a 
10-itt. arc length. On this basis the probability theory 
indicates that the first phase to clear of a three-phase 
short circuit in which all other conditions are equiva¬ 
lent to the single-phase case would be as given by curve 
B which has a most probable arc length of 9.4 in. and 
^ average length of about 9 in. The mathematical 
development of curve B from curve A is shown in the 


Effect of Displacement 

Displacement of the current wave, as is well known, 
has the effect of increasing the rms value of current. 
It also tends to rend® interruption easi® by reducing 
somewhat the instantaneous value of recovery voltage. 
While the instantaneous value of recovery voltage may 
lie reduced to z®o in the case of a fully displaced wave, 
int®ruption is, as a rule, very difficult to accomplish 
before some decay has taken place in the d-c component 
of short-circuit current, and a small amount of decay in 
this component brings the recovery voltage compara¬ 
tively dose to that existing for a symmetrical current 
wave. For example, a wave with an 80 p® cent d-c 
component has 60 p® cent of normal recovery voltage 
and a wave with 60 p® cent displacement has 80 per 
cent of normal recovery voltage. 

Shunts and Cueebnt Transformers for Current 
Measurement 

Prom the point of view of accuracy, eith® shunts or 
current transformers may be used for current measure¬ 
ment, provided that they are prop®ly designed and 
due precautions are taken with the secondary circuit. 
In the case of shimts, a standard design large enough 
from the heating standpoint and capable of withstand- 
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ing the electromagnetic forces is satisfactory provided 
the drop lead is attached in the proper location and the 
spacing between conductors is sufficient so that no eddy 
currents are generated in one shunt by the flow of 
current in a neighboring conductor. 

In the case of current transformers, the heating, 
electromagnetic stresses, and spacing must again be con¬ 
sidered, and in addition consideration must be given to 
the section of iron to be sure that it is sufficient to 
record the d-c component without saturation. Satura¬ 
tion errors are much more serious in the case of a cur¬ 
rent transformer with secondary windings on one or 
two legs of a rectangular frame than in the case of a 
transformer with secondary windings uniformly dis¬ 
tributed about a circular frame. Thus a special check 
must always be made of the secondary burden and the 
design of current transformers to be used for the 
measurement of short-circuit, currents and in many 
cases especially designed current transformers may be 
required. 

EPPEC3T OP AMORTISSBUB WINDING 

An amortisseur winding increases the initial short- 
circuit current obtained from a generator but the in¬ 
creased current thus obtained is subject to a rapid 
decay. Thus if a short circuit is interrupted within 4 or 
5 cycles after its initiation, the current may be increased 
some 10 per cent on account of the amortisseur winding. 
Beyond this point, however, the increase in current due 
to this cause is negligible. At the time of interruption, 
the recovery voltage will be decreased in about the same 
proportion as the initial short-circuit current is increased 
by the amortisseur winding unless the duration of short 
circuit is very short, in which case the normal voltage 
will be approached. 

In the case of three-phase, ungrounded short circuits, 
the lack of an amortisseur winding may cause ex¬ 
cessively high recovery voltage upon interruption of the 
first phase to clear. This renders the duty of the circuit 
breaker considerably more severe when interrupting a 
three-phase, xmgrounded short circuit in a machine of 
this type. 

Arc Energy 

A ballistic wattmeter which will indicate the instan¬ 
taneous values of current and arc voltage is a part of the 
equipment of most intemipting test laboratories. 
Readings of arc energy are readily obtained and it is 
customary to take such readings for all interrupting 

It has not been found that arc energy has any con¬ 
sistent relation to the current interrupted. The read¬ 
ings are taken merely to give a general indication of the 
breaker performance and are used only in the analytis 
of results. 


Effect op the Form op the Recovery 
Characteristic 

There are a number of tests on record in which the 
recovery characteristic of the system was subjected to 
some control while the circuit voltage and current were 
held constant: 

On the 132-kv system of the American Gas & Elec¬ 
tric Company at Philo, Ohio,* in the summer of 1930, 
the recovery characteristic was modified by changing 
the number of transmission lines connected to the bus, 
and recovery rates varsdng from 270 volts per micro¬ 
second to 2,400 volts per microsecond were obtained. 
Explosion chamber breakers woe tested both with and 
without the oil-blast modification. In both cases the 
higher recovery rate gave about twice the arc length of 
the lower rate. 

For the impulse breaker^ it has been shown that for 
successful operation, a direct proportionality must be 
maintained between oil velocity at the contact tip and 
recovery rate. Data are available indicating that the 
same thing is true of other oil-blast breakers, as would 
naturally be expected. 

Tests reported by Doctor Kopeliowitch® showed a 
two to one change in arc length resulting from a change 
in the frequency of the recovery characteristic from 350 
cycles per second to 1,600 cycles per second. The 
change in recCvery rate would be proportional to the 
change in frequency. This presumably refers to a high 
voltage multi-break breaker. Doctor Kopeliowitch also 
states that the interrupting capacity of a compressed 
air circuit breaker could be increased 2.6 times by a 
reduction of the recovery charactaistic frequency from 
18,600 cydes to 7,200 cydes. 

Mr. C. L. Denault® records a large change in the arc 
length of a . small plain-break breaker produced by 
manipulation of the recovery characteristic. 

In the great majority of cases, the factor determining 
the recovery characteristic^-^ is the capadtance present 
in the system and its location with respect to the system 
reactance and the circuit breaker. A large capacitance 
to ground, located between the breaker and the princi¬ 
pal reactance of the system, tends to delay the ap¬ 
pearance of voltage across the breaker and give rise to a 
mild recovery characteristic, whereas the lack of such 
capacitance causes a steep and therefore severe recovery 
characteristic. For this reason a breaker used to isolate 

7. D. C. Prince and E. J. Poitras, “Oa-Blast Breaker Theory 
Proved Experimentally,” Electrical. World, February 28,1931. 

8. J. Kopeliowitch, “Influence of the Form of the Voltage on 
Breaking the Circuit on Operation of CircTut Breakers,” Bulletin 
of Swiis Association of Electricians, June 26,1931. 

9. “Circuit Breaker Duty Affected by Speed,” Electrical 
WotU, Nov. 16,1930, Vol. 96, p. 913. 

10. R. H. Park and W. F. Skeats, Circuit Breaker Recovery 
VoUages, Trans. A.I.E.E., Vol. 60, p. 204. 

11. W. F. Skeats, “Circuit Breaker Duty Affected by Charac¬ 
teristics of Circuits,” Electrical World, June 27,1931. 
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a fault from a bus to which are connected a large number 
of transmission lines or cables, if there is no appreciable 
reactance either between the fault and the breaker or 
between the breaker and the bus, will have a mild 
recovery characteristic. If, however, a current limiting 
reactor or a transformer is inserted in the circuit close 
to the breaker on either side, the recovery characteristic 
may become very severe. A special instance of the 
transformer case is that in which the breaker is used to 
protect a mercury arc rectifier installation. The duty 
of such a breaker has long been known to be severe, but 
it is only recently that the explanation has been found 
in the recovery cWacteristie. 

The feeling has been prevalent in' the past that the 
recovery characteristics obtained in the field always 
were less severe than those normally obtained in factory 
testing plants. While this situation undoubtedly pre¬ 
vails in the great majority of cases, a few exceptional 
instances have arisen of late in which the field recovery 
rate was several times the factory test rate on standard 
connections. In such cases it is possible to set up a 
special arrangement in the factory whose recovery rate 
will equal that to be obtained in the field. Such a setup 
is shown in Fig. 5. Here the current limiting reactor is 
placed as dose as possible to the circuit breaker and the 
two are connected by a very short jumper. The ca¬ 
pacitance between the two is thus maintained at a 
minimum. 

Special Considerations in the Case op Very 

Speed Breakers 

In the case of breakers which clear uniformly on the 
first normal current zero after separation of the con- 
ta.cts, the duty imposed on the breaker may vary over 
wide limits, depending on the time in the current cycle 
when the contacts are separated. Thus if separation 
occurs a very short time before current zero, the current 
in the arc may not exceed a few thousand amperes 
although the rms value of short-circuit current may 
have been as high as fifty thousand amperes. In such 
a case the circuit often is opened with no perceptible 
evidence of short circuit on the part of the breaker. 

If, however, the contacts separate at the beginning 
of a currait loop, arcing will continue throughout the 
remainder of the loop, and a comparatively large 
amount of gas will be generated. In comparison with 
the other case, a rather large disturbance may be noted 
when this occurs, although with this type of breaker, 
the distress is not severe in any case. 

In the case of a displaced wave, the range of variation 
of breaker duty is likely to be considerably greater than 
m the case of a symmetrical wave, both because the 
rate of change of current is less in the neighborhood of 
current zero, and because the maximum possible dura¬ 
tion of current is greater. 

Extrapolation 

The method of extrapolation of results to obtain rated 
capacities beyond the limits of the testing equipment is 


dependent on the type of breaker imder consideration. 
The extrapolation of results of tests on plain-break 
breakers is particularly difficult because of the erratic 
paformance of the breaker and the extent to which its 
arc duration increases with increase in voltage. When 
necessary to extrapolate for plain break breakers, the 
most satisfactory method is to test at rated voltage and 
varying current up to the limit of testing facilities. 
From these tests a kva pressure curve is plotted which, 
if enough tests have been made and the curve has a 
definite trend, may be extended a reasonable distance 
within the known pressure limits of the breaker struc¬ 
ture. It is not considered even reasonably dependable 
to extrapolate from tests made at rated current, but at 
a reduced voltage, because there is little or no assurance 
that the arc length at the reduced voltage will approxi¬ 
mate the arc length at the same current at normal 



Pio. 5 —Special Labobatobt Abbanqbmbnt pob Obtainino 
UNB sirALLY High Rbootbry Voltage Rates 

voltage. Also, the susceptibility of the plain-break 
breaker to variation in recovery voltage may give very 
misleading results from such tests. 

Most oil-blast breakers have the property that the 
arc length is nearly constant over a wide range of 
voltage. Therefore, the stress on the breaker at any 
current is about the same regardless of the voltage. 
The procedure in making mrtrapolation tests on oil- 
blast breakers is to test at rated voltage at currents as 
high as are available. These tests will establish the 
arcing characteristics and check the design for consis¬ 
tent arc length. The tests then are carried on at a 
low» voltage where more current can be produced. As 
long as arc lengths even at the lower voltage are ap¬ 
proximately the same length as those at the higher 
voltage. It appears reasonable to base the rating of oil- 
blMt briers on the product of volts and amperes 
obtained from separate series of tests. 
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Summary 

Short-circuit testing laboratories not only have been 
used as proving grounds for checking oil circuit breaker 
ratings but have been used also for research on the 
fundamentals of and the development of new methods 
for circuit interruption. From the research work made 
possible by the availability of such laboratories, the 
effects of many variables entering into breaker per¬ 
formance have been determined and several new t 3 T>es 
of breakers have been developed. Also, such a complete 
analysis has been made of the differences between 
laboratory testing and field service that their relation¬ 
ship can be judged accurately. 

Though the short-circuit currents available in even 
the largest laboratories do not permit the testing of the 
larger capacity breakers at rated interrupting current 
and voltage, nevertheless so much knowledge has been 
obtained on oil circuit breaker performance that tests 
on modem breakers at the laboratory can be extrapo¬ 
lated to the larger capacities with confidence. This 
is borne out by field tests which have checked labora¬ 
tory tests and by the fact that breakers tested in the 
laboratory have given the required service in regular 
operation. 

Appendix 

Caladation of the ‘probable dis^bviion of are lengths 
for the first phase to clear of a three-phase breaker from 
a'n assumed distribution in aeeorda'nce ‘with the sta/ndard 
probability curve for each pole of the breaker operaiing 
independently, single-phase, under current, voltage, and 
recovery rate conditions duplicatvng those of the three- 
phase case. 

The equation corresponding to the example chosen is 

yi = 0.470 e ^ (1) 

where yi is the probability of occurrence, per inch, of an 
arc length of x inches. Thus the probability of occur¬ 
rence of an arc length within 0.01 in. greater or less than 
a:is2 • 0.01 • y. 

These constants give a most probable arc length of 
10 in. with the probability of arc lengths of 9 in. and 11 
in. each half that of 10 in. The curves are plotted in 
Fig. 4 in such a way that one square of the cross-section 
papm* represents a probability of 0.01. 

The probability, Zi, of occurrence of an arc length less 
tVian a value x for the single-phase case is ^ven by the 
equation 

X 

Zl * / ytdx (2) 

~ 00 

The probability of occurrence of a longer arc length in 
this case is 1 - Zi, and the probability that all three 
poles in a three-phase test will have arc lengths greata* 
than a; is (1 - Zi)K The probability z^, that the first 
phase to clear of a three-phase test will have an arc 
length less than x therefore is 


Zi = 1 — (1 — ZiY = 32i - 3zi* + Zl* (3) 

and the equation of the corresponding probability curve 
is 




^ dzi „ . dzi 
“ dx dx 


(4) 


But from equation (2), = yi. Hence, 

Vs = 3y, (1 - ZiY 

i x - 10 \ _ X I X - I0 \* 

= 1.41 e ^ M 1- 0.470/c ^ ^ da:] 


The bracket of equation (5) may be evaluated as 
follows: 



— 00 


X — 10 



(This is one-half of the standard probability integral for 
infinity.) 


Hence, 



. *-10 

is the probability integral for 2 • 


and its values are 


given in standard tables. Using these tables, therefore, 
and performing the other operations indicated m equa¬ 
tions (5) and (7), the value of yz can be determined for 
any value of x. Curve B of Fig. 4 was plotted in this 
way. 

It is obvious from inspection of curve B that the 
average arc length to be expected from it is wmewhat 
less than 9.40 inches. A predse calculation gives 9.282 

inches. . , 

It will readily be seen that the decrease m the average 
arc length from the sin^e-phase case to the three-phase 
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case exists r^;ardless of the shape of the probable 
distribution curve appl 3 dng, except for the hypothetical 
case in which there is no variation whatsoever in the arc 
length of the single-phase case, when the arc lengths for 
the two cases are the same. The amount of the decrease 
depends upon the extent of variation of the arc lengths 
for the single-phase case. 


manufacturing group with which the authors are associated. 
Before the entire problem is brought to the proper state of 
knowledge it will be necessary to get similar data from other 
manufacturing groups and if possible bring some of the conflicting 
ideas into harmony. It is hoped that the committee report 
referred to above will be able to accomplish this, but obviously 
any further presentation of data on the part of the engineers of 
other manufacturing companies will help this matter along 
materially. 

The authors, whije giving a very excellent presentation of 


Discussion 

Philip Spornx Only as recently as 20 yeaxs ago it was quite 
common, when selecting oil circuit breakers, for the designing or 
operating engineer to give a system one-line diagram to the 
manufacturer, and from that diagram the breakers were selected 
or recommended on the basis of so-called system reactance and 
type of tripping employed. The art of breaker selection was 
considered at that time a highly esoteric one. The historic paper 
of Hewlett, Mahoney and Burnham^ changed all that, and 
utility engineers began to realize that the short-circuit capacity 
that a breaker might be expected to rupture in case of a fault 
could actually be calculated for various system arrangements 
and that it could be calculated with a reasonable degree of 
accuracy. This in turn made possible the assignment of definite 
short-circuit capacities or ratings in amperes or kilovolt-amperes 
to oil circuit breakers and left it to the electric system designer 
or operator to select a breaker that would give h\m the best 
engineering economic balance for both his immediate and future 
requirements. 

However, the art of designing oil circuit breakers continued 
on a rather unsound basis until the development of testing labora¬ 
tories among the manufacturers. Some 10 years ago it was 
definitely recognized, however, that the amount of information 
that could be obtained in the then existing laboratories was 
rather limited and that for a full determination of the suitability 
of breakers of any particular design for a given system, field tests 
woidd be necessary. In 1926 and 1926 an extensive series of such 
tests was carried out on one of the 132-kv systems with which 
the writer is associated, and it is interesting to recall the fact 
that a great many operators and operating engmeers criticized 
this action as subjecting the power system to undue hazards. 
Nevertheless, and because of the fact that the results obtained 
in these tests were so productive of advancing breaker design 
and of giving the operators the necessary assurance that equip¬ 
ment installed for system protection actually was capable of 
performing satisfactorily at time of system disturbance, breakers 
continued to be tested in the field. This did not arrest the con¬ 
tinued development of more coinplete manufacturers' labora¬ 
tories, but with this development the idea became prevalent 
among a considerable number of operating and designing engi¬ 
neers that all breakers were being tested up to their rating in 
manufacturers’ laboratories, and that it was possible to purchase 
breakers for almost all ratings that had been fuUy tried out in 
the laboratory; there was no question, therefore, that breakers 
so purchased could perform up to and within their rating entirely 
satisfactorily in the field. 

Such, of course, was not the case. The Association of Edison 
Illuminating Companies, recognizing this, appointed a committee 
about a year ago to investigate and report on the general question 
of oil circuit breaker testing, more particularly oil circuit breaker 
testing in the laboratory. In the discussions with manufac¬ 
turers’ engineers and designers this committee brought forth and 
gathered a great deal of information along the lines presented by 
the authors of the paper. It is obvious, however, that this paper 
presents the authors* aspect of the very important problem of 
rating and selection of oil circuit breakers; that is, it gives a fairly 
complete ide a of the testing procedure and interpretation of the 

1. See Teansactions vol. 37, part I, pp. 123-165. 


their end of this very important subject, show a tendency to fall 
into a very common error committed possibly from time im¬ 
memorial in connection with all engineering developments and 
more particularly in connection with oil circuit breakers, and 
that is the assumption that the present is finally the time when 
all knowledge necessary in connection with the design of oil 
circuit breakers is available. Thus, they say that although “the 
short-circuit currents available in even the largest laboratories 
do not permit the testing of the larger capacity breakers at 
rated interrupted voltage, nevertheless so much knowledge has 
been obtained on oil circuit breaker performance tliat tests on 
modem breakers in the laboratory can be extrapolated to the 
larger capacities with confidence.” I note they do not say “with 
safety.” It is highly questionable whether that can be done; 
but there does not seem to be any doubt that proper testing in 
the laboratory can contribute greatly toward the development of 
a breaker so that it has a reasonable chance of satisfying the 
performance specification. It is questionable, however, whether 
for some time to come any substitute will be found for testing a 
breaker under actual field conditions if actual knowledge of the 
ability of the breaker to perform satisfactorily is desirable. 

Several other aspects of oil circuit breaker testing are com¬ 
mented upon at this particular time: 


It would appear that additional field testing is highly desirable 
in order to determine recovery limits and rate of recovery voltage 
rise that may be expected on different types of olectric power 
systems, and laboratory and field tests to determine the ability 
of various types of breakers to perform under these conditions 
of differing rates of recovery voltage rise. Further, additional 
information, both theoretical and laboratory is necessary and 
desirable to determine the effect on rate of rise of recovery voltage 
of different types of breakers. 

In a discussion of the series of papers on the Philo 1030 oil 


-—uiiuib uiiw siaiuiara 

A.I.B.E. duty cycle on oil circuit breaker capacity was in line 
for revision to take into account newer developments of the oil 
circuit broaJrer art and changes in operating practice. Since 
then a joint E.E.I. ^A.E.I.C. committee has been at work on tliis 
problem together with the manufacturers’ engineers, but the 
development of a cycle that would fit modem operating condi¬ 
tions is being greatly handicapped owuig to the lack of sufficient 
information, particularly test information as to the effect of 
proposed duty cycles upon present designs of breakers and more 
partioularly upon newer designs in prospect. It would seem that 
some laboratory work on this particular problem is higldy de¬ 
sirable, and perhaps indispensable, before a new duly cycle can 
Mtually be formulated properly; there appears to be no doubt 
„ ® o needed at the present time. 

H. P. St. Qalpi As a member of the Association of Edison 
mun^ating Companies on circuit breaker testing referred to by 
Mr. Phihp Spom and having spent a considerable amount of 
ime dumig the past year in the study of oil circuit breaker test- 
p^ioulaffly as regards the testing that is carried out in 
the lalroratones of ,the various manufacturers, the writer was 
p^eulariy mterested in Messrs. Spurck and Skeats’s paper. 

^ ip^oation that the extensive work being carried 
com^ttee vpll have a twofold value: first, from the 
standpomt o f the committee report itself, which report it is 


2. Transactions A vol. 60, p. 618. 
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hopod Avill h(‘ of i;tiusi(l«'ruhU‘ intorc‘st and valuo; and second, from 
the standpoint of stiniulatim^ tiu' pntparation and presentation 
of such pajHjrs as this one t)n the subject of circuit breaker test- 
inj;. It is lujp^'d that oth<*r papers aloutJi: this line may be forth- 
comini?. 

W. I>- Ketchumi As a imunber of a working? subcommittee of 
the Association of the Edison llluminatiuK (^nupanies the writer 
has for about a year been dcvotiu^: a substauiial portion of time 
to an investij'ation <d’ the oil circuit bn‘aker tesliiij? facilities and 
technique of tlu» various lunnufacturers. Tlu^ pn»sent paper is, 
therefore, of very keen inti*ri‘st. 

Undoubtedly this paper will contrlbuU* toward a better under- 
standiuiic of eireuit-breaker tesliiiK problems than most members 
of the industry hav4> hatl hendofore. There is one point, liow- 
ijver, which seems to deserve uion» detailed irentnuuit than tho 
papt^r ttives it: t la* inllmuuM? of tla* dee.r<imeut of tlu^ slmrt-circuit 
current tqMin breaker performance on ()(’0 tests. The authors 
give the impri‘ssion that it is tmly ou jmorly-ilesigned breakers 
that the OCO lest is nmeli more sever«» than Ua^ CO test. They 
<lo not mention the efTeid of deeriunent upon the OCT) test as 
distiuet from thi* <’0. 

It may la* true thal for a single OCO ttnst wherc^ the decremnnt 
is slight the OCO fi*st would not be much mi»re severe than th<^ 
VO, However, when a multi-shot eyeh* is made, with a substan- 
lial deenunenf, the elTeet tipoii the hri'uker may be nuudi more 
severe than in the ease of the same number of CO shots. This is 
particuhirly true for heavy curr4*nt values sueh as exist wlum the 
test i^ niiihv at lower than rated voltage. In fact, under these 
<• 01141111011 ^^ \\w decrement actually can become a limiting factor 
ou brenkid p 4 *rforman<*<', us the current t<» \m (dosed may exceed 
the instantaneouH etirrent-carrying catmeity of the lm«i-k(»r. 
Eor examtile, a tTo.OiHl-kva, ir>-Uv breaker might b<j te.sted tU 4 
kv. If tesfi‘4l ill a laboratory having only u slight dccrmnent it 
would be eulled Uimn to close and open about 25,01)0 amperes. 

If IcsIimI with a more sulislaniial decrement, however, it might 
liave to cli 4 se 50,IKK) ampcdeH ami open 25,000. If tho short-time 
current rating of tin* biH'uker is only 40,(KK) amper(*s, the deen?- 
ment in this cta^i* actually has tlie etTecI of derating tlu' breaker. 

Even if tlie rating of the l»renkcr is nnliiceil ibr a multi-slujt 
cycle, the cumulative elTect of contact burning still may bc^ suiti- 
cient to caiHf^ distres.i or failure, fii my own (^xperkmce, on t.<»Kts 
of this type with a st4»ep decrement., lumtaetH havci wedded to¬ 
gether in ckising and been destroyi^d; even though thn breaker 
showed no distress in interrupting. Tim .same breaker tested 
whi^re the decreiiuiiit was less severe might show no distress at 
all. It should be pointed out Iw^re that cm mmount of the in¬ 
herent tiim‘ required for breaker opi^ration, plus whatever time 
may be introducM*.! by tin* r(day seitings, the scTioua eonsequenems 
assliciated wit.h Mibstuntial uimmnts of dec^nmumt that have been 
dimjusHed above? can ocfcur when the deeremeui eonditions are 
much \vm extreme than tin* case fniintcd out by the authors where 
th<i d<s*ay amouiittal to 51) p<u’ mmt in three eycles. 

Other faelors besideH (‘ontacl. (h^sign are involved in tlu.H prob¬ 
lem. If the hn«nk 4 'r does not latch on the closing «troke it starts 
oiwming with less than normal stoned energy in tho opening 
springs and its conliiets (mrt with h^ss than normal velocity. 
These condifions pemili'/a! the lireuker. In order, therefore, to 
bo assured of satisfiMdory fudd op(?ration, OCO tests must bo 
made under decrement conditions comparable with those m Urn 
heUl. This means that tests in om laboratory are not necessarily 
eompiirabh? witli Mios«? in nnotlu»r having diiterent deeroment 
conditums and that, mdtlu'r is m*cesHarily representative ot held 
conditioim. 

Since under the new tli?ratiiig sch(*dule now being considi^red by 
tho indm‘tr>\ the derating factors for multi-shot <.*ycles largely are 
determined by eontiwit deterioration, it follow,s that m order for 
those factors have any iiu^aning, constant decrement condi¬ 
tions must be simcifled. 


All of the foregoing discussion leads to the conclusion that since 
tho results of tests made under different decrement conditions 
arc not directly comparable, uniform decrement conditions 
should be maintained whenever possible in testing. Furthermore, 
the uniform decrement decided upon for testing should approxi¬ 
mately represent the most substantial decrement which will be 
encountered in the field. Where it is impossible to modify tho 
existing facilities or the present technique of testing in order to 
achieve the desired decrement rate, the results should be adjusted 
to compensate for the discrepancy between the actual and the 
desired decrement curves. In order to determine the extent of 
the adjustment which would be needed, it would probably be 
necessary to tost the same breaker in laboratories having different 
decrement conditions but with the same interrupted current. 

In this manner the extent of the influence of decrement could be 
determined. Until .some recognition is given this situation, the 
results of factory tests cannot bo compared directly nor can they 
ho considered as a reliable index of tho performance of the 
breaker in the field. 

J. K. Ostrander* Predicting the interrupting ability of a 
breaker by procossos of extrapolation from test, data, as briefly 
dcjHcribed in the paper, apparently is reliable if the breaker 
operates in a circuit with a reasonably low rate of rise of recovery 
voltage, but it is not obvious that accurate results can be ob¬ 
tained by extrapolation from test data for high rates of rise of 
r<?covory voltage. 

A high rate of rise undoubtedly will have a tendency to increase 
the arcing time. Therefore, if the breaker is tested with a high 
curnMit and a low rate of rise, or a low current and a high rate of 
rise, it is not apparent that tho operating ability at both high 
current and high rate of rise can be determinod by the process of 
extrapolation referred to in the paper, unless it is proved that the 
(Uirve plotted with arcing time against current is not changed by 
a change in recovery voltage. 

Many large power stations operate at voltages up to 13,200 
volts, with feeders and generators connected directly to the busses 
without transformers, the breakers being protected by current 
limiting reactors. In such circuits, a reactor may be quite close 
to the breaker and the electrostatic capacity of the circuit be- 
twiicn the reactor and the breaker may be less than 1,000 micro- 
microfarads. If a short circuit occurs near tho outer terminal 
of the reactor in sueh a case, tho frequency of oscillation at the 
time of circuit interruption may be over 100,000 cycles per second 
and this may produce a rate of rise of recovery voltage in excess 
of 5,000 volts per microsocond. 

For such an installation, it is desirable that the interrupting 
ability of the br( 3 akor bo proved by some reliable process of ex¬ 
trapolation if it can not bo tested at the factory at rated inter¬ 
rupting capacity and at tlie same rate of rise of recovery voltage 
as might bo expected in service. 

W* F* Sims* The rupturing performance of circuit breakers can 
only bo established by tests made under a variety of conditions 
which can be controlled. This was demonstrated in the held 
tests mad€) at the Crawford Avenue Btatmn of 
wealth Edison Company during tho years 1928 to 1930. While 
some information can better be obtained in field tests, in general, 
factory tests aro preferable because of the better control of con¬ 
ditions. Also, laboratory equipment is required to check the 
many elements of circuit breaker performance, and this is not 
always available in the operating companies. 

It alHO i8 difficult to find a suitable and safe testing site on an 
operating system, and testing on oommeroial cirouits is a hazard 
to apparatus, which may affect continuous service to oustomera. 
Further, a trained staff of testing engineers, embued with the 
testing spirit, is available at the factory, whereas the en^^ra 
of an oiierating company arc not temperamentally adjusted to 
experimental testing, and as they are trained to keep app^tus 
in service and not to Hnd its defects, they are more easily dia- 
couraged by failures. 
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^ It is essential to test the closing ability of breakers on short 
circuits in order to determine the presence of unexpected magf* 
netic, frictional, and hydraulic forces. CO tests greatly increase 
the available current capacity of the testing equipment, and are 
probably of more importance in field testing than in the factory. 
Short circuits of 5 to 8 cycles on a 60-cyole system may be ap¬ 
plied to a commercial system with little disturbance if they are 
not too closely coupled with the system load. Short circuits of 
greater duration are likely to have an imdesirable effect on the 
system. As few circuit breakers will close and open in 8 cycles, 
the CO tests increase the short circuit that may be applied with¬ 
out injurious system effects. 

The statement that cable circuits are favorable to the rupturing 
performance of circuit breakers is confirmed by experience on the 
12-kv, 60-cycle circuits of the Commonwealth Edison Company, 
where unfavorable performance is very rare. On the same cir¬ 
cuits the extensive use of reactors does not seem to have an 
objectionable effect, possibly because the reactors used are rela¬ 
tively small and are compensated for by the over-capacity of the 
cables. 

This paper definitely leaves the impression that the statements 
made regarding the elements affecting breaker performance are 
not those of opinion only but that they have been fully confirmed 
by test. Such items as the effects of grounded or ungrounded 
circuits, single- or S-phase operation, d-c components, wave forms, 
and recovery voltage have long been subjects of controversy. 
This presentation is a valuable and timely one and the authors 
deseiwe the thanks of engineers interested in this subject for the 
definite contribution to our knowledge of these factors. 

J* Sleplatit This paper gives an excellent review of the many 
factors which must be considered in the testing of circuit breakers 
in high power laboratories. It will be very valuable to research 
and development engineers who make such tests and to operating 
engineers who must conclude from such tests how breakers will 
perform in their systems. Particularly interesting is the section 
Effect of the Form of the Recovery Characteristic” because 
from the study of such effect, much may be learned about what 
goes on in the short interval of time embracing a current zero 
when the arc space changes from conductor to insulator and ac¬ 
complishes the whole purpose of the breaker, namely the actual 
opening of the circuit. 

Except for the third paragraph in this section, in no case is 
there found anything like a proportionality between the “re¬ 
covery rate” and the rate of recovery of dielectric strength of the 
arc space, which, in most breakers at least, should be expected to 
be nearly proportional to the arc length. By “recovery rate” 
is meant here, as also in the paper, the slope of the volt-time 
transient of the circuit calculated merely on the hypothesis that 
the arc space suddenly becomes insulating at current zero. It 
does not correspond to the actually occurring transient which 
as shown in the paper by Van Sickle and Berkey (see page 850) 
begins well before the current zero, and is considerably modified 
by the conductivity of the arc space. 

Thus, in the Philo tests mentioned in the paper a multiplication 
of the recovery speed by 8.9 required only a two-fold increase of 
arc length, and in the oil breaker tests quoted from Kopelio- 
witch, an increase in the natural period of the circuit of 4.3 times 
again required only a doubled arc length. Only for the oil-blast 
breaker in the third paragraph of the section is it stated that 
there is a proportionality between the “oil velocity” and the 
“recovery rate.” 

The experimental basis for this conclusion and the theory 
advanced for the oil blast breaker were criticized by the writer 
and others (Discussion, Tbans. A.I.B.E., March 1932, p, 191) 
and no reply was given. This conclusion again is contradicted 
by the quoted Philo tests, for if the arc is extinguished by the 
formation of an oH barrier at a definite speed, there should have 
been no change in the arc length, and it is very difficult to see 
why doubling the arc length in an oil blast breaker operating in 


its reputed way should make it handle a nine-fold greater “re¬ 
covery rate.” 

The results mentioned in this paper are consistent with the 
thought that the arc space possesses considerable dielectric 
strength even before the current zero, an idea which is supported 
by the cathode-ray oscillograph study of oil breakers by Van 
Sickle and Berkey, and the special test described in the "voter’s 
paper in Elehirotechnik und MasckinenhaUt April 1933. This 
means that we must, to some extent, give up the simple picture 
now generally held and which was perhaps first proposed in the 
paper, Trans. A.I.E.E., v. 47,1928, p. 1398, according to which 
the extinction of the arc depends on a kind of race between the 
“recovery rate” calculable from the circuit constants alone, and 
the rate of recovery of dielectric strength of the arc space, de¬ 
termined from the nature of the arc alone, this race starting 
precisely at current zero. That this picture needs to be modified 
is important because there is a disposition on the part of some 
engineers leaning too heavily on the simple theory to feel that 
we may now attach a “recovery rate” rating to circuit 
interrupters. 

R. in. Spurck and W. F« Skeatss Mr. Philip Spom mentions 
the desirability of field tests to determine the recovery rates 
likely to be met in practice. Properly conducted field tests from 
which recovery rates are measured with the cathode ray oscillo¬ 
graph are useful in determining or checking expected recovery 
voltage rates. As such tests are relatively expensive, a study has 
been made of the possibility of calculating the recovery rates of 
various systems from the system and apparatus constants which 
can be more readily obtained. The company with which the 
authors are associated is assembling such data and hopes that 
some checks of its findings will be obtained from field tests. 

The authors did not intentionally create the impression that 
all the knowledge necessary for switchgear design is available at 
the present time. The oil circuit breaker testing plant of the 
company with which the authors are associated is continually 
in use in the development of new conceptions of circuit breaker 
performance and obtaining new information with regard to cir¬ 
cuit breakers, and all data obtained are examined critically to 
determine whether they indicate that any previous assumptions 
with regard to circuit breaker testing or performance must bo 
modified or discarded. 

We concur with the hope expressed by Mr. H. P. St. Clair and 
implied by other discussers that similar papers be presented by 
others who have had experience in oil circuit breaker testing. 

Mr. W. D. Ketchum has raised the point of the increase in 
closing-in current required by a steep decrement curve on an 
OCO test when the breaker is interrupting its rated current. In 
this connection it should be borne in mind that even in the field, 
in the ideal case where there is no decrement of the a-c com¬ 
ponent, it may be expected that the breaker will have to close-in 
on a current 73 per cent greater than it interrupts, due to the 
presence of a d-c component at the time of closing-in and its 
absence upon interruption. With the testing generators used in 
this country, and reasonably fast tripping of the breakers, the 
ratio should not exceed two to one. Thus the difference between 
field and laboratory conditions is not so great as would appear at 
first sight. 

We feel that by the use of the testing facilities that are avail¬ 
able, the conditions discussed by Mr. W. D. Ketchum can be 
approximated and in actual testing work, tests are made to 
determine the adequacy of breakers under those general condi¬ 
tions. Particular attention is given to the design and test of 
breakers to insure that they have sufficient opening tendency for 
proper interruption even though they may be required to open 
before being entirely closed. 

^ Mr. J. K. Ostrander suggests that breakers should be tested 
simultaneously at the full recovery rate at which they are to be 
applied and at full rated current. In exceptional cases, it is just 
as difficult to do this as to test at full voltage and full rated cur- 
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rent. It is the opinion of the authors, however, that the be¬ 
havior of the breaker under conditions of full recovery rate and 
full rated current may be determined by tests covering the two 
conditions separately, provided that the arc length is the same 
in both cases. 

A special test circuit has been set up to approximate the high 
recovery rate mentioned by Mr. Ostrander and breakers tested 
under those conditions at the factory. Subsequent field tests 
under high recovery rate conditions indicated that the perform¬ 
ance of the breaker during the factory tests was consistent with 
the performance during the field tests. 

Doctor Slepian has raised a question somewhat irrelevant as 
far as this paper is concerned. He asks why no proportionality 
is found between voltage recovery rate and arc length. We see 
no reason why there should be any. The space between the 
contacts is not homogeneous, but is filled partly by oil of high 
dielectric strength and partly by gas of low dielectric strength. 
The rate at which the portion of high dielectric strength is built 
up is the important factor and does not bear any necessary.rela- 
tion to the contact separation beyond some minimum distance. 
This point was discussed at length by Mr. D. C. Prince in the 
closing discussions of the papers. The Oil-Blast Circuit Breaker, 


D. 0. Prince and W. F. Skeats, presented January, 1931,* and The 
Theory of the Oil-Blast Circuit Breaker, D. C. Prince, presented 
January, 1932.t 

The desirability of the assignment of a recovery rate rating to 
oil circuit breakers is not, as Doctor Slepian suggests, dependent 
on a modification of the conception that during interruption 
there is a race between the growmg dielectric strength between 
the contacts and the voltage building up across the contacts. 
In our opinion, the reason for recognizing recovery voltsge in the 
interrupting rating of breakers is that the performance of the 
breaker is influenced by the recovery rate determined purely as a 
system characteristic. That there is a pronounced influence has 
been shown many times in the literature. It therefore behooves 
both manufacturer and operator to satisfy themselves that a 
breaker purchased for a given location is capable of handling the 
recovery rate to be experienced at that location, just as it be¬ 
hooves them to satisfy themselves similarly with regard to 
voltage and current. The actual assignment of ratings must 
wait, however, until more information is available regarding 
both system requirements and breaker performance. 

♦A.I.B.B. Teans.. June 1931, p. 528. 

tA.I.B.B. Teaks., March 1932, p. 197. 
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A Compression Type Low Voltage Air 

Circuit Breaker 

BY D. C. PRINCE! 

F^OW. A.I.E.S. 

jR a great many the use of fuses or fused vapor molecules in the space, the accumulation of 
switches for low-voltage low-cur^t distribution electrons produces a negative space charge that can be 
mrmts and for vanous other applications has been overcome only by high voltage on the positive electrode. 
. common. These have Hnne the,r an ion is formed it continues to move to and fro 

striking other molecules, electrons or the walls of the 
vessel. At low pressure, many ions strike the walls 
where they are held stationary until neutralized by an 
electron, when the energy is lost to the wall. This loss 
of ioM must be made up by increasing the average 
velocity of the electrons so that more collisions will pro¬ 
duce ionization. This requires higher voltage drop. 
As the pressi^ rises, more and more ions will be turned 
back by collision with neutral molecules, before reach¬ 
ing the wall. The loss to the wall will decrease and 
hence the voltage drop due to this loss will decrease. A 
moving ion is a much more difficult target for an electron 
to hit; wlHsions with ions will then be less frequent. 

J!Hi. i-VABIA- The radiation resulting from the collision may not all 

TioN OT Abc Deop be lost so that the average loss per collision becomes less. 
tmcTioN OP Because of th^e two effects, a reduction in loss to the 
wall is not entirely offset by increased losses elsewhere, 
and at low pressure a net reduction occurs with increase 
in pressure. 

When ion and electron collide away from a wall, 
energy is radiated which may ionize a second molecule 


quite common. These have done their work quietly 
with no loud poppings and spurts of flame and have 
proved so reliable that were it not for the expense and 
annoyance of locating the blown fuse and replacing it 
one or more times before the trouble is cleared up, it 
would not be necessary now to offer an alternative 
method of protection. 
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Fig. 1—^Varia- 


Pbessurb 


Tn developing a r^lacement unit, it seemed desirable 
as f^ as pebble to retain the good points of the fuse, 
addmg to Its properties of silence and complete in- 
dosure, the convenience of a trip indication and con- 
vement red^e to restore service. If silent operation 
ware to be obtained, the magnetic blowout with its pop 
^d spurt of flame seemed to be ruled out. The fuse 
Jd not pop and had no openings for emission of flame. 

Without the ^ace for drawing out the arc and with 
pulsion donated, it was necessary to develop a new 
theory winch can explain the operation of the fuse and 
then apply that theory to a circuit breaker. 

^e pot^tial ^op in an arc varies with the pressure 
substantidly as shown in Mg. 1. For very low pressures, 

^ pressure is increased, the voltage 
rop com^ to a minimum and then rises again The 

“™*^^arc drop is likely to be of the 
considerations. The current flow is carried 

g^ molecrdes and in a e^i T^^^tiSe los?iX^2^ or escape frem the arc stream and be 

of the electrer ^ost 



1. General Electric Company PhiladfilnRio 

with pressure and at a pressure of several atmosptere^ 
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more voltage may be required to maintain an arc than 
the attached system can provide. In that case, the are 
goes out. 

The total arc drop will be due to the sum of two 
components made up of losses decreasing with increase 


which was made up from data takoi in connection with 


to show the relationship between the arc characteristics 
as influenced by pressure and current. On account of 
the inverse nature of the arc drop at constat pressure, 
the currmit when increasmg tends to increase in¬ 
definitely until limited by some other part of the circuit, 
and when falling, the arc drop rises promoting a further 
fall in current until the arc goes out. An arc at constant 
pressure is not a suitable circuit interrupting agency 


mercury arc investigations. For low piessures the for¬ 
mer predominates and the total voltage falls with in¬ 
creasing pressures. For higher pressures the latter 
predominates ^d the total voltage drop increases with 
increasing pressures. Interruption of circuits by 
a pressure device involves the phenomena accompanying 
increase in pressure. Fig. 2 shows the drop in a carbon 
arc in air. The pronounced increase in arc drop with 
increase in pressure is apparent. If a constant voltage 
is applied to the arc, the length of the gap over which 



Fig. 3—^Arc Ex- 

TiNOTioN Be¬ 
tween Carbon 
Electrodes in 
Air Under 
Pressure 


an arc can be sustained decreases with the increase of 
pressure on the arc. Fig. 3 shows the length of arc be¬ 
tween carbon electrodes that can be maintained by a 
non-inductive circuit supplied from 125 volts direct 
current. 

Arc drop is not dependent on pressure only. It is 
well known that the drop of voltage in an arc goes down 
with increase in current so that some series impedance is 
necessary to maintain constant current. At constant 
pressure, the cross sectional area of an arc probably is 
proportional to the current or nearly so. The losses are 
concentrated along the arc boundaries so that they are 
proportional approximately to the surface area of arc 
stream or to the square root of the current and cross 
sectional area. The losses in watts are of course equal 
to the product of instantaneous current and arc drop. 
The arc drop therefore is approximately proportionate 
to the inverse square root of current. This reasoning is 
not exact and rigid but is correct qualitatively and serves 


Fig. 4—Section 
OF Compression 
Chamber op AF^l 
Air Circuit 
Breaker 




but if the condition of falling current can be established 
by lengthening, by magnetic blowout, or othCTwise, or 
by increasing pressure so as to produce with increased 
current an increased arc drop, the current then will be¬ 
gin to decrease and eventually will cease flowing. 

In an alternating current circuit, current decreases to 
zero twice per cycle, providing opportunities for the ave 
to become unstable and go out. In a direct current cir¬ 
cuit on the other hand, there are no such opportunities 



Pia. 5 —Operation oe AF -1 Breaker on Altbrnatino 
Current—^5,890 Amperes—126 Volts 


so that conditions must be established for which the arc 
is unstable xmder the conditions of current and voltage 
occurring in the circuit. There is a strong contrast be¬ 
tween this behavior and any deionization that is ex¬ 
pected to take place at a current zero only. 

To take advantage of the physical phenomena which 
have been outlined, in producing a drcuit breaker a 
metal cylinder has been taken into which two contacts 
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have been sealed as shown in Fig. 4. The contacts are 
of course insulated from the metal cylind^ and one is 
free to slide through a packing gland. When these 
contacts are separated under load or short-circuit ciu:- 
rent, an arc is drawn in an atmosphere of ordinary air 
plus metal vapor and some gas from the insulation 
surfaces. The heat of the arc raises all these gases to 
high temperature and since the chamba* is closed, a 
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Fig. 6—Opbbation op AF~1 Bbeaksb on Direct Cttrrbnt 
4,200 Amperes— 125 Volts 

Ourve A —^Arc voltage 

Curve B —Current 

Curve C—SO-csycle timing wave 

high pressure results. Current continues to flow imtil 
the pressure builds up to a point where the arc drop is 
too great to permit a stable arc to be maintained by the 
available voltage, after which the arc goes out. Such 
high temperature gas would not ordinarily be considered 
a good medium to stop an arc. It should be borne in 
mind, however, that the gases in an arc are always hot. 
The pressure increase offers an added impediment to 
the flow of current through gases already hot. 



Pio. 7 —Section of AF~1 Bbeakbb Showing Mechanism and 
COMPBBSSION GhaMBEB 

This process takes place with either direct or alter¬ 
nating current. The resulting circuit breaker therefore 
is suitable for either current as contrasted with one 
which depends for its action upon deionization subse¬ 
quent to a current zero. The oscillogram in Fig. 6 
shows the interruption of a circuit carrying alternating 
current. But one-half <grcle of current has been per¬ 


mitted, even though tripping of the contacts was pro¬ 
duced by the movement of a bimetallic strip heated by 
the current. Fig. 6 shows corresponding operation on 
direct current. It can be seen that the drop across the 
circuit breaker contacts was higher than the impressed 
system voltage, while current was flowing. This condi¬ 
tion, of course, is a prereqriisite in interrupting a direct 
current circuit. A 60-cycle timing wave is included in 
Fig. 6 to show the duration of the short circuit. For 
smaller currents, a somewhat longer time is required to 
build up the necessary pressure, but from the arc 
characteristics a lesser pressure is required. 

It would be very interesting to obsm*ve the pressure 
occurring in these circuit breakers. *Such measurenents 
are rendered difiicult by the extreme speed of the pres¬ 
sure changes and the small volume of the pressure 
chamber. Any attachments tend to produce variations 
in pressure of such magnitude as to mask the phenomena 
being studied. The cylinders used have withstood the 



Pig. 8—Compabison op Cibcitit Bbeakebs Intbbbupting 
6,000 Ampebbs at 126 Volts Altbbnating Cubbbnt 


pressures aceompansring interruptions at 13,000 am¬ 
peres, 126 volts, at 60 cycles. At 20,000 amperes, 
cylinders have failed, indicating pressures of the order 
of 1,000 lb per square inch. 

The interrupting unit shown in Fig. 4 has been as¬ 
sembled witii case and mechanism as shown in Fig. 7. 
Inasmuch as the interrupting unit is closed completely, 
it can be recessed in the molded base without vents from 
which flame and noise might escape and through which 
foreign material might enter to hamper the operation 
and circuit clearing functions of the device. The 
mechanism consists of a simple and sturdy tumbler 
switch arrangement to which has been added a powerful 
opening spring held in check by a thermal latch. Under 
service operations, the circuit breaker may be opened 
and closed by means of the usual tumbler lever giving 
snap-make and snai>-break. In the event of overcurrent, 
the thermal strip releases the trip spring and the con¬ 
tacts are forced apart without r^ard to the position of 
the operating lever. The mechanism is thus trip free 





















September 1933 


PRINCE: COMPRESSION TYPE LOW VOLTAGE AIR CIRCUIT BREAKER 


847 


from the operating handle. Such an automatic trip is 
indicated by a target rather than by a movement of the 
ox>erating lev^ so that the oi>emng can not be pre¬ 
vented nor the trip indication obscured by holding the 
lever. Neither is thme a jerk on the leva* that might 
startle an operator cloring the circuit on a fault. 

The circuit breaker shown has a capacity of 50 
amperes at 250 volts and an interrupting capacity 
rating of 6,000 amperes and will form part of a line of 
circuit breakers for panel board, bulling equipment, 
and general applications employing the compression 
principle. The full line will include breakers up to 600 
ampares, single, double and triple pole, those above the 
50-ampere frame size being rated 10,000 amperes inter¬ 
rupting capacity. Fig. 8 shows the relative appearance 
of the new circuit breaker and a conventional type. 'Hie 
circuit breaker at the left is an open carbon break design; 
the one at the right, the new AF-1 . In both cases the 
circuit interrupted is the same, 6,000 amperes at 126 
volts alternating current. 

Discussion 

C. H. Mack* Reference is made in this paper to a newly- 
applied principle of circnit interruption which allows no arc, 
flame, or staream of scorching gases to bo liberated. The compari¬ 
son of these new air circuit breakers with their predecessors is 
quite striking, as also is the tremendous expansion of the field 
of air circuit breaker application which these now designs have 


penny replace a 15-ainpere fuse, nor can the manufacturer’s 
setting of the thermal tripping devices in these new breakers be 
tampered with unless the entire panelboard is dismantled and the 
seal on the breaker cover broken. Certainly this insures positive 
protection. Decreased maintenance naturally results from the 
ability of the contacts to interrupt severe short circuits many 
times without requiring attention and from the far greater ease 
of locating and resetting the breaker that has automatically 
tripped to clear a fault. There is, too, the greater factor of safety 
resulting from the elimination of exposed live parts on the front 
of the panelboard or switch box. 

By the use of these breakers switchboards can be greatly re¬ 
duced in size and in installed cost and yet provide much greater 
safety of operation. Not only are the breakers themselves totally 
enclosed but their design facilitates mounting them behind a 
dead-front steel panel. We find that in some cases it is good 
economy to sub-divide a relatively few high current circuits and 
replace the few high-cuirent air breakers with a larger number 
of the very much smaller and less expensive breakers of the com¬ 
pression type. (This does not, however, recommend the opera¬ 
tion of breakers in parallel unless extreme care is taken to insure 
proper load distribution.) 

The application of new breakers of this type to residence wning 
is a broad field for which air circuit breakers have not heretofore 
been considered. Convenience and ease of operation and main¬ 
tenance obviously are the principal factors justifying the use of 
air circuit breakers for this application. The complete enclosme 
of the arc and the totally silent operation of the compression 
type breaker make it especially adaptable to this class of service 
where noisy current interruption and visual evidence of arcing 
(common to most types of circuit breakers) would decidedly be 
objectionable. When provided with a suitable weatherproof 
housing, breakers of this type may be mounted out of doors and, 
if properly applied, may effect quite a decided saving in certain 


brought about. 

For many years air circuit breakers of the conventional car¬ 
bon-break, copper-brush-contact type remained in vogue. They 
are very large and must be mounted on switchboards with the 
greatest of care to be sure that the exposed arc cannot injure the 
attendant or damage the panel and adjacent apparatus. 

Although many improvements have been effected even the 
more recent types still require a considerable space for mountmg 
and, when enclosed in a steel housing, weigh a great deal more 
than breakers of the type described by Mr. Prince. These new 
breakers have at one stroke achieved a drastic reduction m size 
and weight, have provided individual enclosure and phase iso¬ 
lation of the arcing contacts, and have retained such improy^ 
menta as non-oxidizing contacts, trip-free operation, and high 


pes of power distribution systems. 

Beyond these more usual fields of application, breakers of this 
pe and size are being applied to or considered for application to 
reet-lighting systems, auxiliary circuits iu electric lowmotaves, 
imerous uses in industrial plants, and (when provided witt a 
itable enclosure) for use in highly explosive atoosphe^. The 
mpression type interrupting element also is heii^ co^i ere or 

►plication to many other devices for various applications. 

It is our belief that the introduction of this now hne of o^uit 
■eakers not only will broaden the existing fidd of an c^mt 
•eaker application, but will be of immeasurable benefit to tne 
timate user because of one or more of these outstantog ad¬ 
jutages: greater safety; greater ease of operation and main- 


speed of contact separation. i j « 

A typical breaker of the conventional typo, when enclosed m a 

suitable steel housing, weighs 110 lb mth ove^ 
giving a volumetric content of 4,500 cubic m^es. 
parable compression type breaker weighs less than 6 If. a 

volumetric content of the enclosing case of less than 160 
inches. Furthermore, these breakers may now I’® “ 

any location, in any position, and as dose together as then 
physical dimensions wiU permit, without fe^ of tim otc 
ad 3 -acent apparatus, injuring the attendant, or striking between 

hiX interrupting capacities, must in consequence be rdativefr 
SxiT^LdLn^ they naturaUy tend to ^persede not o^y 
STearlier and larger circuit breskers but also to supersede fused 
switches for panel-board and safety-enclosed switch applications. 
Z TXT S dSi is more or less conventionalised to a^rd 
with panel-board and safety-enclosed switch praotiM and re¬ 
quirements, altiiough the requirements of switchboard moimting 
dso have carefully been considered. Replacing fused switches, 
tiiese breakJJs afford more positive circuit protect^n, decreased 


cuit protection. ^ , 

J. B. MacNeilli Mr. D. C. Prince states that this is a ^w 
device operating under a new theory. We cannot agree that 
Mr. Prince’s breaker is new in principle, as a patent covermg 
construction very similar to the one he uses was i®^®6 to toe 
writer in 1926, and the same principle was mwrporated m a hne 
of circuit breakers designed in 1929. About that time m®^“ 
found of introducing effective deionization through plate ?truc- 

Zf in small capi^ity units. These plate structur^. s^ 

to those in large deion breakers, offer more 

adequately a line of apparatus up to 600 amperes ^ 

and of eliZating the difficulties encountered. Experience wi& 

Se ^Sssion type showed that the idea of 

main contacts completely enclosed in a compression ohambOT 

gave rise to maintenance problems, and that the action on o 

power factor arcs and inductive d-c ares was not ideal. 

J Sleniani The breaker described in this paper is very at- 
.he «i. eoapleWv >«'> 

suDuression of external flame and noise. It is presumed that tke 

capLity of the breaker to interrupt °*l™ghS 

all typM of circuit to be met in practice has been thoroughly 
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tested by the author. Without questioning the inteixupting 
capacity of the device the following paragraphs discuss the theory 
of the extinction of the arc in the compression chamber, and 
particularly the d-o arc. 

Increasing the pressure of the gas sufficiently will certainly 
raise the are voltage, although other investigators do not record 
as large an effect as is indicated in Fig. 2 of this paper. Thus, 
G. P, Luckey, Physical Review, IX, 1918, p. 129, for a 0.24-om 
arc of 5 amperes between tungsten electrodes in nitrogen gives an 
arc drop of 54 volts at one atmosphere pressure, but this increases 
to only 69 volts at 14 atmospheres or 195 lb per square inch above 
normal. Nevertheless, whether the effect is as large as indicated 
by Pig. 2 or as small as indicated by Luckey, raising the pressure 
sufficiently high will raise the arc drop above the supply voltage 
and therefore will make the arc go out. However, is this the 
whole story as regards the extinction of the arc in this breaker? 

A tet doubt is raised by the description of Fig. 3, which states 
that it applies for a non-inductive circuit. But if the pressure 
raises the arc voltage above the line voltage then the d-c arc 
should be extinguished whether the circuit is inductive or not, 
and the limiting length of are necessary to interrupt a given cir¬ 
cuit at any particular pressure should be independent of the 
inductance in the circuit. Therefore, does the curve of Pig, 3 
apply to an inductive circuit as well, and if not, why not? Inci¬ 
dentally, the curve of Pig. 3 would be much more useful if the 
current in the circuit were mentioned. 


higher are voltage, which would further reduce the current, and 
so the arc would be extinguished. This suggestion would fail 
however, in an inductive circuit since with the current decreasing 
slowly, the tmrbulenee also would die down and the high arc 
voltage would be lost. This suggestion also would make the arc¬ 
ing time in the non-inductive circuit a somewhat random affair, 
depending on the occurrence of a fortuitous moment of high are 
voltage. Do the arcing times in a particular d-c circuit show 
random variations in length? 

Another suggestion is that the high arc voltage appears when 
the arc blows to a side, and bears against the insulating bushing 
at the ends of the chamber. The material of which these bushings 
is made is not mentioned in the paper, but if it is organic, then 
under the heat of the arc it will give off gas at a high rate produc¬ 
ing a flow which will extinguish the are. This suggestion also 
will fail in an inductive circuit, since the continued evolution of 
gas from the bushings for a long period of arcing will quickly 
burst a tight chamber. 

Since both these suggestions fail in an inductive d-c circuit, 
may I ask the author whether there is any limit to the inductance 
at which the breaker begins to fail. 

For both suggestions, the high pressure developed will be a 
favorable influence. We should expect the turbulence in a denser 
gas to have a greater effect on the arc voltage, and also the turl>u- 
lence should persist longer after the current starts to decreases. 


A second doubt is raised by the osciUogram of a-c operation in 
Pig. 5. Here the arc voltage shown is only a sma ll part of the 
total supply voltage throughout the half cycle of arcing. But 
because of the small thermal capacity of the small volume of gas, 
its temperature, and with it, the pressure should lag very little 
behind the current, and the high pressure that is counted upon to 
produce a high arc voltage should have appeared in the first-half 
cycle. The author himself states that the speed of the pressure 
changes was so extreme that measurement was rendered difficult. 
Of course, the ^c was extinguished in one-half cycle in the a-c 
case of Pig. 5 since deionization at the cathode is sufficient at a 
current zero to interrupt the low voltage, whether high pressure 
developed or not. 

A third doubt is raised by the oscillogram of Fig. 6 sho-wing 
operation on a d-e circuit. The rapidity with whidi the current 
dropped as soon as the arc voltage rose leads to the conclusion 
that the circuit was only slightly inductive. But in such a non- 
inductive circuit, the current should have been a luftTiTnuir. when 
the ^ort-circuit was thrown on, and then should have reduced 
rapidly as the are was drawn and the are voltage rose due to the 
developing pressuro. Actually, however, the current rose rapidly 
to less than half its maximum, and then increased slowly to its 
^ximum over nearly a cycle and one-half of the timing wave and 
tten very suddenly fell to zero. Such a course of the current in a 
shghtty mductive circuit is not consistent with a continuaUy in- 
crea^g arc voltage; and suggests that the are voltage remained 
low for more than a 60th of a second. 

Unforbmately, the zero line of arc voltage, and with it the 
first penod of arcing has been out out of Fig. 6, but what is left 
of the oscdlog^ does indicate that the arc voltage did remain 
low for a considerable time. The only alternative would bo that 
the contMte remained closed for a long time, which is not con- 
Mtent TOth the fast operation shown by Fig. 6. The writer asks 
if voltage did remain low for some time, and 

why the high pressure did not raise the are voltage at once? 

The writo imkes the foUowing suggestion. Under the in- 
fluence of the mtense magnetic field accompanying the heavy 
current, the gas space will be thrown into a violent turbulent 
flow. At a particularly favorable moment in this flow the arc 
volta^ mi^t be raised momentarily, which, in a non-inductivo 
ciromt would cause a quick drop in current. We would then have 
a si^er cuiront ^ in the still persisting turbulence produced 
by the precedmg larger current, and this would call for a stffl 




type low voltage air circuit breaker with its compaetnoss, high 
rupturing capacity and ease of making it totally enclosed or 
weatherproof, brings to mind a new field in which such circuit 
breakers might be used. 

Outside of the existing low voltage alternating current net¬ 
works, there is still a considerable field of distribution, residential 
^d commercial, covered by systems of the strictly radial type, 
in which each distribution transformer serves a separate secon¬ 
dary x o ain of its own, the mains served by adjacent distribution 
transformers not being connected. 

It has been realized for a long time that by connecting those 
mains or banldng the transformers, the voltage regulation and 
load distribution would be improved, but one of the disad¬ 
vantages that prevents the more frequent use of banking is the 
difficulty of obtaining sufficiently selective fuses for use in the 
secondaries of the transformers. It is suggested that by the use 
of this t^e of circuit breaker with its thermal tripping arrange¬ 
ment, which could be adapted to the thermal overload capacity 
of a tr^former, there wiU be sufficiently selective action to 
p^t the banking of transformers on a single secondary without 
the disadvantages attending the use of secondary fuses. 

It is b^eved that with such cirouit breakers on the ^condaries 
of ea^ transformer, a short-circuited transformer could be cut 
out of the system by the primary fuses and the secondary circuit 
briers without opening the secondary circuit breakers or 
pnmMy fuses of the other transformers banked on the same 
rocon^; aus no interruption to the service would be caused by 
trouble in the transformer. 

^ advisable is a matter of 
study for the distribution engineers, but it is offered as a means of 

SSerr'^“ advantages of banking 

D. C. I^cet Mr. C. H. Black has discussed the new com¬ 
pression cirouit breaker from appUcation point ^ vteJ^ Bie 
remarks are particularly timely as no description of a device is 
complete without the background into which it fits. 

attention to various structures pur¬ 
porting to be compression cirouit breakers known before the de- 
^ce described m the paper. One notable difference was present 
however m. MacNeiU’s circuit breakers were all pro“,£dS 
vents allowmg the escape of pressure. At low currents these 
vents prevent the accumulation of sufficient pressure to Ue 
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poHitivo oporaticm, whiles at IukU currents a scouring action takes 
phwic which gnsitly reduces tlie useful life of the device. The 
underwriters cjill for permanently sealing the entire interrupting 
(dtnnent and meehanisin of these small circuit breakers. The 
«Hmtacts therel’on* an’ eutindy inaccessible whether sealed or not. 
By didinittdy sc’uling the contacts they are h^ss susceptible to dirt 
and (»tlier thderiorating influenct’s so that maintenance is much 
hnss likely be riHpiired than in other types of small circuit 
breakers. 

Doctor J. Sh’pian presumes that these circuit breakers have 
heen thonmghly tesbui. That is (torrect. The ratings of those 
di^vices ari» su<’h that capa<dty is available for full power testing 
of <’ven the largest units in the line and that has been done. 

Doctor Hlepian asks wludher the curve in Pig. 3 would bo 
changed were the circuit inductive. It is general knowledge that 
a longer arc mm be maintained with an imluctive circuit, other 
things being equal. 'Phis is bc^causo self-induced voltages may 
a<ld U> tlu' linprt^ssed voltage, providing momentarily a high 
voltage to niaintnin tin»arc. 

In the operation shown hy the oscillogram of Fig. 5, some time 


was required for the thermal strip to release the mechanism and 
for the contacts to part; this accounts for the delayed appearance 
of are drop on the film. 

Doctor Slepian’s statement that 125 volts is insufficient to 
maintain an a-o arc is not true in general since alternating cur¬ 
rent arcs are maintained with less voltage than this. 

In Fig. 6 as in Fig. 5, time was required for the circuit breaker 
to trip and separate its contacts after which the counter emf rose 
quickly and the are was extinguished. 

Doctor Slepiau’s magnetostrictive theory is very interesting; 
however, it is observed that the effect of inductance merely is to 
lengthen the arcing time rather than cause failure to interrupt. 
Thoro arc differences in behavior with different materials. These 
differences appear to be related to the pressure generating proper¬ 
ties of the material but not to their magnetic properties. 

Much more work remains to be done on the theory of opera¬ 
tion of the compression breaker and to that end Doctor Slepian’s 
suggestions are very much appreciated. Thanks to adequate 
testing facilities, the performance of these circuit breakers is 
entirely independent of the proof of the theory. 
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Synopsis^—A medium-speed cathode-ray osdUograph with a 
rotating film has been built for the study of circuit breaker transients. 
The film is wrapped around a drum and rotated in the vacuum at 
high speed. Each film shovw in a continuous trace a complete story 
of the formation of arc, subsequent reignitions, and final extinc¬ 
tion. More than 16 complete cycles may be recorded without ex¬ 
cessive blurring. Each film is self-calibrated. A study of several 
types of circuit breakers with this instrument shows that the nature 


of the transients at time of arc extinction varies with the ty^ of 
breaker on Ust. Different types of breakers tested on the same circuit 
have different rates of rise of recovery voltage. The deionizing effi- 
nency of a breaker influences not only the arcing time, but the 
transient oscillation at current zero. The influence of the deionizing 
pudency of the breaker upon the stability of the decreasing arc cur¬ 
rent near current zero is studied and interesting conclusions made. 

» * « • » 


Introduction 

HE role played by the circuit constants in all tjpes 
of interrupting devices has been brought to the at¬ 
tention of electrical engineers only in the last few 
years.^ The cathode ray oscillograph is the instrument 
that has made possible the study of arc transients in 
circuit interrupters. A new type of cathode ray oscil¬ 
lograph has been built that is adapted especially for all 
t 3 T)es of investigations involving frequencies of from 25 
cycles per second to 200,000 cycles per second. This 
oscillograph has been the means of securing much new 
information about arc phenomena in circuit inter¬ 
rupters. It is the purpose of this paper to describe this 
instrument used in a study of circuit breaker arc tran¬ 
sients around current zero and to discuss the results 
obtained as applied to circuit breakers. 

Apparatus 

In a study of transients in circuit breakers at current 
zero a cathode ray oscillograph is necessary. The diffi¬ 
culties encormtered in synchronizing the cathode ray 
oscillograph wilh the current zero previous to interrup¬ 
tion are many because of the variable arcing time of a 
breaker. Many osdllographs lose from 10 to 50 per 
cent of the wave front in tripping the beam and there¬ 
fore give no information on the voltage across the 
breaker before current zero. These troubles were 
eliminated by using a rotating film osdUograph. 
Dufour* first used the rotating film in a cathode ray 
osdUograph. This osciUograph was adapted a few 
years ago for lightning investigations.® Other better 
designs have since replaced it. 

An early type of rotating film cathode ray osdUo¬ 
graph was rebuUt for the investigation of circuit breaker 
phenomena. Cone joints were replaced with flanges and 
rubber gaskets. A high-speed motor was designed to 
turn the film at a maximum speed of 7,200 rpm. 
Vacuum seal is made by a monel cup through the air 
gap in the driving motor. A d-c generator supplies 

♦Westinghouse Bleo. & Mfg. Co., East Pittsburgh, Pa. 

1.' For references see bibliography. 
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hi gh voltage for the electron beam Pig. la); the beam 
is focused on the film by a concentrating coil. A 15-mil 
diameter pinhole anode narrows the beam to a very 
fine trace on the film. 

A wiring diagram of the test circuit is shown in Fig. 
1, A Norinder relay is used to trip the beam onto the 
film. Voltage is appUed to the Norinder relay plates by 
a multi-contact relay which in turn is energized through 
mechanical contactors mounted on a cam shaft (Fig. lb). 
Other contactors mounted on the same shaft control the 
entire test operation, being adjusted to give proper 
timing and sequence. Interruption of the relay coU 



Pig. 1—Cathode Rat Oscildoobaph Connections bob 
C iEOHiT Bbeakbb Tests 

current removes the voltage from the Norinder relay 
plates and grounds them. 

It is possible to set the contactors on the cam shaft 
so that the beam will be on the film for 1 or 20 cycles. 
Normally from 5 to 8 cycles are necessary in testing 
drcuit breakers. 

The high-speed 8-phase motor used to drive the film 
is fed from a converter. Speed of the film is controlled 
by resistances in the armature and field of the stator in 
the converter. The maximum speed of 7,200 rpm draws 
out a 60-cyele wave to a length of 36 in. on the film. 
This speed corresponds to a rmiform timing sweep of 
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180 mi(TOse(U)n(is per centimeter. The film is 5 inches 
wide and 18 inches lonti. By rotating the film at a 
speed out of i)huse with the 60-cycle wave on the de¬ 
flection plates, it is possible to record 15 or more com¬ 
plete cycles without excessive blurring. 

Voltages for the deflection plates are reduced by 
resi.stam*e potentiometers as shown in Fig. Ic. Non- 
in<luctive water-tube resistors are used throughout. 
The resistor tubes are tilled with distilled water, then 
brought to the proper resistance by the addition of salt. 
An overhead transmission line leads into the oscillo¬ 
graph room through roof bushings from the contacts of 
the circuit breaker about 200 feet away. Spurious oscil¬ 
lations in this transmission line are prevented by 
grounding through a resistance equal to the surge 
impedance «>f the line. The series resistance, R» is 
varied to give the proper deflection for ditt'erent test 
voltages. 

An element on t he magnetic oscillograph can be used 
to show when t lu^ cathode ray oscillograiih operates. By 
allowing a cycle or two of re.stored voltage on the 


The speed of the film is 760 microseconds per inch, while 
the sensitivity of the deflection plates is 8,000 volts per 
inch. The test current was 1,300 amperes. 

Referring to Fig. 2 at point A, the contacts were 
closed and no voltage appears on the deflection plates, 
a zero line is traced. The time scale inareases to the 
right across the film. At point B the breaker is opening 
its contacts and the first reversal of current takes place. 
At the right edge of the film the trace is interrupted to 
begin again on the left edge K'K. As the contacts con¬ 
tinue to open each succeeding reignition voltage, C, D, 
E, F, G, H, I, gets higher until at J the arc is ectinguished 
and the recovery voltage rises on a transient to the open 
circuit voltage. 

A calibration of the speed of the film is obtained by 
measuring the distance on the zero between two suc¬ 
cessive crossings of recovery voltage. The deflection 
sensitivity is determined directly from the film by (1) 
reading the recovery voltage from the magnetic oscillo¬ 
graph voltage element; (2) the plate sensitivity multi¬ 
plied by the potentiometer ratio. 



Fin. 2 


<!ath()d<f ray film each ostnllognim automatically is self- 
calibrated. Ten minutes are required to break the 
vacuum, reload the oscillograph, develop the film and 
pump out ready for the next test. 

This oscillograph may be used with a stationary film 
as well as with the rotating film. To change from the 
rotating film to the stationary film a small injector is 
inserted into the .shaft and Is connected mechanically to 
a hexagonal knob in the oscillograph door. The sta¬ 
tionary film hjus 6 expo.sure.s of film 6 in. by 3 in. in size. 
The operation of this o.Hcillograph is so simple that a 
laboratory worker learned to operate it on circuit 
breaker tests after olwerving a few tests. 1 he cathode 
ray o,scillograph has now become a part of the routine 
testing e<iuipmcnt for circuit breakers. Many different 
tyjies of electric devices have been tested including 
fuses, oil and air breakers, lightning arrestera, gaseous 
dlstrharge tubes, rectifiera, and vacuum switches. 

Fig. 2 shows a typical oscillogram of the operation o 
a plain-break, butt-contact oil breaker at 13,200 volts. 


From the magnetic oscillograph element showing the 
rate of separation of contacts it is posable to determine 
accurately the rate of recovery of dielectric strength in 
the space between the breaker contacts. The osdllo- 
gram also shows the variations in arc voltage accurately 
and in greater detail than the magnetic oscillograph. 
Overshooting, frequency and rate or rise of recovery 
voltages are easily measured from this film. 

Observed Phenomena 

The phenomena which occur during the interruption 
of high-voltage, high-current circuits have been the ob¬ 
ject of much investigation and study but it is only since 
the cathode ray oscillograph has been applied to this 
work that accurate detailed data can be obtained con¬ 
cerning it. With the high power testing faciliti^ and 
cathode ray oscillographs now available it is possible to 
record these phenomena at powera that are encountered 
in service, and to show variations in the phenomena that 
last only a few microseconds. The use of these facilities 
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for the study of arc ractinction has resulted in an advance 
in otir knowledge and a modification of previous theories 
of are extinction as described in this papa*. 

Since this equipmoit became available, it has been 
used extoisively during tests on many different sizes and 
ts^pes of drcmt breakers from 16 kv to 230 kv at various 
currents from 200 to 100,000 amperes. The tests were 
made on plain-break oil circuit breakers, deion grid oil 
circuit breakers, and deion air-break circuit breakers. 
With this wide variety of conditions, the following facts 
were soon noted: 



Fig. 3—Oscillogbam op the Interruption op 14,000 Amperes 
AT 7,600 Volts, Single Phase 


1. The rate of rise of recovery voltage, which ap¬ 
pears across the breaker contacts at the time of arc ex¬ 
tinction is a fimction, not only of the circuit but also of 
the circuit breaker. 

2. The nature of the transient, which occms at the 
time of arc extinction, depaids on the breaker as well 
as on the system. 

3. The voltage at the end of the last half-cycle of 
arcing has various characteristics govaned by the cur¬ 
rent, circuit characteristics, and breaker. 

Discussion op Observed Phenomena 

The most important sections of 4 typical oscillograms 
are reproduced in Figs. 3 to 6 to illustrate the particular 
features on which these observations of interrupting 
phenomena are based. In this paper, detailed compari¬ 
sons will be drawn to demonstrate the facts already 
stated, and careful analyses made to give the magnitudes 
of the quantities involved. 

That the rate of rise of recovoy voltage is influenced 
by the breaker is shown in Figs. 3 and 4. These oscillo¬ 
grams, both t 3 T)ical of their respective series, woe taken 
on the same circuit, with the same generator connec¬ 
tions, with the same bus structure to the same test cell, 
with practically the same reactor connections and with 
the same measuring and recording instruments^ but with 
different breakers. The oscillogram in Fig. 3 shows the 
interruption by a deion grid breaker of 14,000 amperes, 
7,600 volts, single'phase, with voltage rising across the 
contacts after the zero of current at an average rate of 
2,080 volts per microsecond. The oscillogram in Fig. 4 
shows the interruption by a plain-break breaker of 
12,000 amperes, 7,600 volts, single phase, with a maxi¬ 
mum rate of rise of recovery voltage of 600 volts per 


miCTOsecond and an average of about 170 volts per 
microsecond up to 6,500 volts. In other words, with all 
conditions external to the breakers the same, the rate of 
rise of recovery voltage varied in the ratio of 1 to 12 for 
two different breakers. The breakers caused this dif¬ 
ference. 

These 2 oscillograms show that not only the magni¬ 
tude but also the nature of the transient after the zero' 
is influenced by the breaker and varies even though the 
rest of the circuit is the same. Fig. 3 shows the voltage 
varsring in a very complicated manner during the tran¬ 
sient. A careful analysis discloses that there are three 
prindpal frequencies of approximately 91,000, 39,600' 
and 10,100 cycles per second. During this test the volt¬ 
age reaches a pe^ 1.88 times the instantaneous gen¬ 
erated voltage. On the other hand. Fig. 4 shows the 
voltage varsdng in a very simple manner and having a 
peak value of only 1.14 times the instantaneous gen¬ 
erated voltage. Fig. 6 is a reproduction of a cathode ray 
oscillogram showing a transient produced in another 
laboratory by a plain-break circuit breaker interrupting 
8,700 amperes at 7,600 volts. The transient appearing 
in this test varies in a manner having characteristics 
similar to each of the two previously described. It is 
mainly an oscillation of 17,000 cycles, with a relatively 
low amplitude and peak voltage about 1.4 times the in- 



PiG. 4 —Oscillogram or the Interruption of 12,000 Amperes 
AT 7,600 Volts, Single Phase 

stantaneous generated voltage. These three transients 
of quite different appearance, must be related since all 
occur on tests of comparable voltage and current. 

The nature of the phenomena which occur just before' 
the voltage becomes zero at the end of the last half-cycle 
of arcing also varies, as shown by these same oscillo¬ 
grams. In Figs. 4 and 5 the arc voltage becomes steady 
and then decreases in a smooth curve to zero. In Fig. 3 
the arc voltage rises in a somewhat irregular line to a 
peak value and then decreases very rapidly to zero. 
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Fig. 6 shows an oscillogram of a 44,000-volt, 330-ampere 
interruption in which the arc voltage increases slightly 
for a short period in an irregular line, similar to the one 
in Fig. 3, and then more rapidly in what appears to be 
part of a sinusoidal wave that forms the main part of 
the transient after the zero of voltage. It appears then 
that these variations in characteristics occur before as 
well as after the voltage becomes zero. 



Kh!. .'i OsCII.MKIKAM OK TItK In'ikiuuiption ok 8,700 Ampkuks 
at 7,<HK) VoI.TS, SlNOt.K PUAHH 

These 4 oscillograms are typical of different types of 
interruption that are obtained in oil circuit brokers. 
The phenomena shown on them appear quite different 
in the extreme cases but long testing experience indi¬ 
cates that between these extremes are intermediate cases 
which divide the differences into small steps and show 
that they are all clo.sely related. Consequently, a satis¬ 
factory theory of the phenomena of arc extinction must 
explain each of these cases. 

The theories of the manner in which alternating-cur- 
rent arcs in circuit breakers are extinguished can be 
tested by these cathode ray oscillograms. Some of these 
conceptions contain approximations calculated to elimi¬ 
nate variables believed to be of minor importance; 
others have been constructive attempts to explain the 
phenomena by means of theoretical considerations; all 
have been based to some extent on assumptions. Now, 
in the light of additional data on these phenomena, the 
ideas should be reviewed for verification or modification. 

Heretofore it has been assumed that up to the time of 
current zero the effective resistance of the arc space is 
negligible. This is admittedly only a simplification but 
in mo.st discussions of heavy-current arcs in high voltage 
circuits, it is accepted and the phenomena during this 
period are neglected. However, it is at this time that the 
ionizing and deionizing processes are active in setting up 
the conditions that produce the observed voltage vana- 
tions prior to voltage zero. These processes also de¬ 
termine whether the current zero occurs before or simul¬ 
taneously with the voltage zero. Therefore, the period 
while current is flowing in the arc should not be neg¬ 
lected. Although the arc path is to be studied, the 
actual cross sections and corresponding densities of 
ionization which are continually changing, fortunately 


do not have to be determined, since the overall conduc¬ 
tivity of the arc space can be calculated from the records 
of the cathode ray and magnetic oscillographs. 

In this paper, the quotient of the voltage across the 
breaker divided by the current through the arc is called 
the effective resistance. From the usual arc voltage 
characteristic for stable conditions it is evident that the 
effective resistance of the arc path increases as the cur¬ 
rent decreases. This can be seen also in Fig. 7 which 
shows arc characteristics for various conditions.^ Curve 
A represents the characteristics of an arc in equilibrium, 
that is, when the current changes so slowly that the 
ionizing activity always just balances the deionizing ac¬ 
tivity. When the current is increaring very rapidly, the 
voltage for a given current is greater than for a stable 
arc of the same current since the total ntunber of ions 
present corresponds to a lower current vsdue. The 
characteristics of such a current are shown by curve J5. 
On the other hand, if the current is decreasing rapidly, 
the ionization is greater than it would be for stable 
conditions and the characteristics are similar to curves 
C, D or E depending on the rate of change of current 
and the rate of deionization. These curves correspond 
to the characteristics shown in Figs. 3, 4 and 6 and 
indicate that the effective resistance may vary greatly 
as the current approaches zero. 

Moreover, it is possible for the effective reastance to 
become infinite before the current in the inductive part 
of the circuit, the generators, transformers, reactors. 



Pi,}. 6—OsOlLIiOOBAM OF THB INTERRUPTION OF 300 AmPBRES 
AT 44,000 Volts, Single Phase 


etc., becomes zero. This has been shown for small 
powers with arcs in air between metal plates by Messrs. 
Attwood, Dow and Krausniek.® The same phenomenon 
is shown for 44,000 volts, 330 amperes, in Fig. 6. This 
phenomenon occurs when the arc becomes unstable and 
the current in it suddenly shifts to anoth^ parallel 
circuit, in these cases a small parallel distributed ca¬ 
pacity of the conductors and equipment. Since the cur- 
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rent in the inductive part of the circuit is still flowing, it 
charges the capacity, causing a rise in voltage which is a 
function of the current flowing when the arc was ex¬ 
tinguished, the rate of change of voltage at that time, 
and the capacity between lines. This capadty also ex¬ 
erts an important influence in determining the time 
when the arc will be extinguished because, if the voltage 
is increating between the contacts, a charging current 
flows wMchreduces the current in the arc and facilitates 
the extinction. 

PVom these typical oscfllograms it can be concluded 
that the rate at which the current is approaching zero, 
the rate of deionization, and the circuit characteristics 
are of great importance in arc extinction. The effective 
resistance of the arc space is increasing as the current 
approaches zero and it may have a relatively low value, 
a relatively high value or even be infinite when the 
current in the main part of the circuit reaches zero. 



Fig. 7—Static 
AND Dynamic Arc 
Charaotnbistics 


The phenomena immediately after this zero must also 
be considered. There has been a generally accepted idea 
that at the end of tiie last half-cycle of arcing the current 
comes to zero and that no appreciable current flows 
thereafter in the reverse direction. If this were true, the 
phenomena after this instant would be independent of 
the influence of the circuit breaker and would depend 
only on the constants of the circuit. With these condi¬ 
tions the oscillograms reproduced in Figs. 3 and 6 would 
be tsrpical. However, Figs. 4 and 5 are different and 
could not be produced on these circuits if this assump¬ 
tion wCTe true. The voltage rise in Fig. 4 is similar to 
the increase in voltage across a resistance in a series 
circuit consisting of a resistance, an inductance, and a 
suddenly applied emf. If a variable and rapidly in¬ 
creasing resistance is assumed, then the voltage phe¬ 
nomena are even more similar. Moreover, if a capacity 
is added in parallel with the variable resistance, the 
voltage varies in a manner similar to Fig. 5 also. Since 
the oscillograms are records of the voltage across the 
terminals of the breaker, this rapidly increasing resis¬ 
tance must be sought within the breaker itself. 


As has been discussed already, the effective resistance 
of the are path is a variable and increases rapidly as the 
current approaches zero. In oscillogram 4 the current 
reaches zero at the end of the last half-cycle of arcing 
while the effective resistance of the arc path still is rela- 
tivdy low. If the resistance continues to increase at 
rates comparable to those at which it was increasing 
prior to current zero, it has characteristics which permit 
of the passage of sufficient current to modify the voltage 
phenomena. Moreover, the resistance increases so rap¬ 
idly that the current ceases to increase in a few micro¬ 
seconds and is reduced to zero without the arc restriking. 

A very useful conception, advanced by Doctor 
Slepian, is that the increase in dielectric strength be¬ 
tween the contacts must be more rapid than the in- 
orease in voltage across the breaker if the arc is to be 
extingui s hed.^ This generally has been interpreted to 
mean that no appreciable current flows after the current 
reaches zero uffiess a complete breakdown into an arc 
occurs and another half-cyde of power current flows. 
This, of course, is not in agreement with the oscillo¬ 
grams which indicate that relatively large currents may 
flow for a few microseconds. The more recent definition 
recognizes the possibility of this current flowing. Doctor 
Slepian has defined*—“the dielectric strength or break¬ 
down voltage at any particular instant as that particu¬ 
lar voltage which, if it were suddently applied, would 
cause the resistance of the arc space to stop increasing, 
and such that if a larger voltage were suddenly applied, 
the resistance would decrease.” 

The arc extinction still can be considered as a race 
betwerai the dielectric strength and the recovery volt¬ 
age but, with the condition of current flowing during the 
time of voltage rise, the two are not independent since 
the current that flows retards the deionization and in¬ 
crease of resistance, and also modifies the rate of rise of 
the recovery voltage. The phenomena of arc extinction 
in a circuit breaker, as typified by these 4 oscillograms, 
can all be explained by a deionizing action that starts to 
be effective before the current reaches zero and which 
increases continuously the effective resistance of the 
arc space. This effective resistance may become infinite 
before the current in the main part of the circuit be¬ 
comes zero and the result is similar to the operation 
^own in Fig. 6. It may become infinite at approxi- 
matdy the same time as the current in the main part of 
the circuit becomes zero and the result is similar to the 
operation ^own in Fig. 3. If, however, the arc space 
still has a relatively low resistance at this time, the cur¬ 
rent will reverse and flow for a very short time giving an 
operation similar to that shown in Fig. 5 or for a longer 
time with an operation similar to Fig. 4. However, if the 
cuirent flowing after the zero becomes too great the rate 
of ionization will exceed the rate of deionization, the 
conductivity will increase and the arc will restrike for 
another half-cycle. The arc extinction phenomenon is, 
therefore, a process of deionization, the important part 
of which may ext^d over a period from about 100 
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microseconds before the zero of current to about 100 
microseconds after the zero, with the critical time in 
most cases occurring within a few microseconds of the 
zero. The factors controlling it are the rate of decrease 
of current, the rate of deionization, the circuit constants 
and the generated voltage. 

Analyses of Oscillograms 

The exact relation which exists between voltage, cur¬ 
rent, effective resistance and time can best be studied by 
making detailed analyses of oscillograms. Since the 4 



Fifi. 8 Anai.tkih op tub ()scii,w)(1iiam in Fio. 3 


reproduced in Figs. 3 to 6 are typical, they are used to 
deman.strate the salient points. 

The oscillogram shown in P’ig. 3 is plotted in Fig. 8 
from careful measurements. The current flowing in the 
arc i.sdetermined when the rate of change of current and 
the time (»f zenj current in the arc are known. These can 
be calculateil from the records in the following manner. 
The rate of decrease of the current flowing in the arc can 
be found from the magnetic oscillogram and from the 
relation 



quencies of 91,000 cycles per second, 39,600 cycles per 
second and 10,100 cycles per second, having the start 
of these oscillations coinciding with the negative peak 
of voltage, the current is not flowing for any appreciable 
interval of time after the negative peak of voltage. 
Therefore, the zero of current in the arc corresponds 
closely with the negative peak of voltage and the curve 
of current is determined for this case. The effective re¬ 
sistance at any instant is the quotient of the voltage 
divided by the current and these values are plotted, to 
a logarithmic scale. 

This oscillogram is rather unusual in that the nega¬ 
tive peak of are voltage is very high, 16,200 volts. Fig. 3. 
The high arc voltage during the last half cycle increased 
the rate of change of current so that the extinction took 
place with the relatively low instantaneous generated 
voltage of 3,900 volts corresponding to a power factor 
of 90 percent. Even with this condition, the rate of rise 
of recovery voltage was 2,080 volts per microsecond. As 
the current during the short circuit was limited only by 
the breaker and the reactance of the generator and re¬ 
actors, the power factor of the circuit was actually 10 
per cent or less. 



Pio. 9 —Analysis op the Oscillogram in Pig. 4 


Where e the voltage drop across the inductance of 
the circuit. 

L = the magnitude of the inductance. 

The instant at which the current reaches zero can be 
determined in the following way from the cathode ray 
oscillogram. Since the voltage prior to the negative 
peak is rising steadily but less rapidly than it decreases 
after the peak, the current still is flowing through the 
breaker up to the time of the negative peak. Moreover, 
since the o.scillations after the negative peak can be 
broken down into 3 damped sinusoidal waves with fre¬ 


The oscillogram of Pig. 4 is copied in Fig. 9. Since 
the arc voltage approaches zero without having a nega¬ 
tive peak, the characteristics are similar to curve C of 
Fig. 7, the arc space is conducting at the time of zero 
voltage, and the current and voltage become zero simul¬ 
taneously. The rate of change of current is determined 
from the magnetic oscillogram and the constants of the 
circuit as in the previous case. The effect of the ca¬ 
pacity in parallel with the breaker should be considered 
in this oscillogram although it has been neglected in the 
first as it does not appreciably change that result. The 
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discharge of this electrostatic capacity increases the 
current in the arc bycausing a currentwhich is propor¬ 
tional to the magnitude of the capacity and the rate of 
change of voltage. This current is plotted as % in Rg. 9. 
The arc current, ia, can now be plotted as the sum of 
ii, the current flowing through the generator and reac¬ 
tors, and ic- As the conductivity of the arc space is 
relatively high at this time, the rapidly rising voltage 
starts the current in the reverse direction without per- 
c^tible pause. 



Pig. 10—^Analysis of the OscitLoaBAM in Fig. 6 


The effective resistance of the arc has been increasing 
but is only about 90 ohms at the time of zero voltage. 
By naing the formula (1) for currents after as well as be¬ 
fore zero and by making an allowance for the damping 
of the circuit, the currait ii after the voltage goes 
through zero can be plotted and appears as shown in 
Fig. 9. From this the current ia and the effective re¬ 
sistance can be plotted. It is interesting to note that 
the current that flows in the arc space during the 
transient after zero reaches a maximum of about 30 
amperes. 

Fig. 5 has been plotted in Fig. 10 and the currents 
and resistance calculated as for Fig. 9. In this case, the 
current in the breaker after tiie zero of voltage reaches a 
magnitude of 12 amp^s but decreases rapidly to zero. 

These 3 osciUograms are for approximately the same 
currents and voltages so they can be compared directly. 
In Fig. 8 the resistance increases from 30 to 300 ohms 
in 40 miCTbseconds, during which time the current de- 
CTeases from 360 amperes to approximately zero. In 
Fig. 9 the resistance changes over the same range in 
approximately 62 microseconds with an average current 
of about 30 amperes flowing which indicates a mudi 
slower rate of deionization. In Fig. 10 the resistance 
changes ove* this range in about 52 microseconds with 


an average current of about 30 amperes, but the value 
at the time of zero voltage is somewhat higher than for 
Fig. 9 and the in(a«ase is more rapid above 300 ohms. 

Fig. 11 is made from the osdllogram of Fig. 6 with the 

currents calculated as in the preceding cases. Since this 

is a 330-ampere, 44-kv test, the arc is longer and the re¬ 
sistance higher than in the other oscillograms. At time 
t s 145 miaroseconds the resistance is 1,100 ohms and 
the current about 10 amperes. At this point, the arc is 
extinguished suddenly and the voltage across thebreaker 
terminals rises as the electromagnetic energy in the cir¬ 
cuit becomes electrostatic. This is the beginning of the 
sinusoidal transient. No current of any appreciable 
magnitude flows through the breaker after the arc is 
extinguished. 

Discussion op Results 

From the preceding analyses, it is evident that these 4 
oscillograms having transients vaiymg in form from 
complicated waves composed of 3 sinusoidal oscillations 
to simple, approximately logarithmic, curves and vary¬ 
ing in magnitude over wide ranges even with the same 
circuit conditions, are in general aspects similar and 
comparable. In each case, during the last half-cycle of 
arcing, the effective resistance of the arc space is in¬ 
creasing rapidly as the current decreases. The rate at 
which it changes depends on the rate of decrease of the 
ionizing activity and the strength of the deionizing 
activity. 



Fig. 11—^Analysis of the Oscillogbam in Fig. 6 

The character of the transient is determined by the 
magnitude and rate of change of the effective resistance. 
If it is high and increases rapidly, the current after 
reaching a small value may suddenly cease flowing 
through the arc before the current in the rest of the cir¬ 
cuit becomes zero. In such a case the electromagnetic 
energy in the circuit changes to electrostatic energy by 
raising sinusoidally the potential across the capacity in 
parallel with the breaks, thereby causing the zero of 
voltage to occur several microseconds after the zero of 
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arc current. In other oscillograms the effective resis¬ 
tance becomes high as the arc current approaches zero 
but the arc exists up to the time of the voltage peak, 
which is approached in an irregular line. In those cases 
that have relatively low effective resistances at the time 
of zero current, the arc voltage prior to the zero becomes 
smooth and has little or no peak. The voltage and cur¬ 
rent reverse directions simidtaneously. Analyses of os¬ 
cillograms from a long period of testing indicate that 
the current after the zero can reach values up to 30 
ampares and that these cmrents can modify the trans- 
dents and reduce the rate of rise of recovery voltage in 
some cases to a fraction of what it would have been had 
no current flowed after zero. In still other cases in whidi 
the circuit characteristics normally would cause a low 
rate of rise, the current drawn by the breaker has little 
effect on the voltage. 

It has been shown many times^^ that the severity 
of the interrupting duty imposed on a circuit breaker 
varies with the circuit characteristics. However, the 
rate of rise of recovery voltage can not be used in all 
cases as a criterion of the circuit characteristics, since 
it has been shown that the breaker can modify this 
value. Moreover, this reduction in the rate of rise of 
recovery voltage does not make the circuit easier to 
interrupt. In fact, the oscillograms show that the 
breaker producing this effect actually is carrying ap¬ 
preciable current which is retarding the deionization of 
the arc space, and that this current, if it becomes too 
large, will cause reignition of the arc. A breaker, which 
has a weak deionizing action and passes current so as to 
reduce appreciably the rate of rise of recovery voltage, 
is not being subject to light duty but actually is operati 
ing in a range where its ability to interrupt the circuit is 
rather uncertain. 

With the rate of rise of recovery voltage a function of 
both the drcuit and the circuit breaker, the condusdon 
may be drawn that until much more experimental data 
are collected and analyzed to show the relations which 
exist for various types of circuit breakers, any attempt 
to specify the rates of rise of recovery voltage to which 
breakers are to be subjected on test, or any attempt to 
quantitative comparisons between different con¬ 
ditions of test is futile. 

Conclusions 

In conclusion, these results may be summarized in 
the following statements: 

1. Arc mctinction depends on the deionization which 
takes place both before and after the current zero. 

2. The effective resistance of the arc space increases 
in a curve which is a function of the rate of deionization. 

3. The effective resistance may become several 
thousand ohms several miCToseconds brfore or after the 
zero of voltage. 

4. The rate of rise of recovery voltage is a function 
not only of the circuit but also of the circuit breaker. 


6. The specif 3 nng of certain rates of rise of recovery 
voltage for dreuit breaker testing is not advisable at the 
present time. 

This paper has presented some of the interesting cir¬ 
cuit breaker phenomena which it has been possible to 
study by means of the cathode ray oscUlograph. The 
subject has not been exhausted and it is believed that 
the continuation of the work will lead to a better under¬ 
standing of the effects of circuit characteristics on circuit 
breaker operation. 
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Discussion 

J. B. MacNeill* The paper presented by Messrs, Van Sickle 
and Berkey is the residt of research work on the effect of restored 
voltage duwacteristios upon circuit breaker action. With the 
increased knowledge of restored voltage conditions, the su^es- 
tion has seriously been made that this factor should be taken into 
account in each application of high voltage oU dreuit breakers. 
It is known' that the rates of voltage restoration vary from low 
values, say, 150 volts per microsecond, up to as hU:h as 4,0(» 
volts per microsecond on commerdal droiiits, and that certain 

freak dreuite may go even higher. .... 

. Investigation has sho-wn, however, that modem raremt mter- 
rupters minimize the effect of this wide range of restored voltage 
upon the breaker action, and that the time of arcing does not 
increase to any such extent as does the rate of voltage recov^. 
Furthermore, it has been found that the dreuit breaker wn- 
struotion itself affects radically the rate of voltage restoration; 
aad this discovery, together with an analysis of the msons 
therefore, is the principal contribution of the Van SioM^Berkey 
paper, made possible by the improved cathode ray oscillograph 
they describe. 
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Since modem improved circuit breakers minimize tbe effect of 
voltage recovery in their action, and since it is reasonable to 
make circuit breakers that will take care of conditions encountered 
in service without added cost, it seems undesirable to introduce 
this factor into every day circuit breaker application. It is 
recommended, therefore, that the manufacturers give their 
customers the necessary assurance that their equipment will meet 
the required conditions without introducing complicated calcu¬ 
lations that are of doubtful value in applications. For the future 
it will be obvious that more must be known of this subject; and 
that the manufacturers will wish to adapt their designs, where 
necessary, so that efficient circuit interruption may be accom¬ 
panied by breaker action as beneficial as possible on the restored 
voltage characteristics of the system. 

D. C. Princes This paper presents observations made by the 
aid of the cathode ray oscillograph with rotating film. With this 
arrangement, the spread of the time axis is limited by the maxi¬ 
mum possible fil m speed. Mechanical contactors mounted on 
the shaft of a synchronous motor provide for a sequence of oscil¬ 
lograph and circuit breaker operation that gives the desired 
oscillograph record. The long moving film makes it possible to 
record the operation of plain-break oil circuit breakers that are 
for an indeterminate number of half cycles. Similarly, the mov¬ 
ing film method appears to be advantageous in observing a 
circuit breaker that has a high arc drop prior to the current zero, 
where there is no sharp transition between arc voltage and re¬ 
covery voltage which can be used for tripping purposes. 

As a result of the observations that have been made by the 
use of this instrument, the authors have concluded that circuit 
breakers may influence recovery rates to such an extent that 
circuit recovery rates can not be incorporated in circuit breaker 
standards. Most of the data shown apply to plain break oil 
circuit breakers that notoriously are erratic in performance and 
are at the same time known to be sensitive to circuit recovery 
rate conditions. The modification produced in the circuit re¬ 
covery rates by these breakers is due to their attempting to clear 
the circuit at times other than the normal current zero, or to 
conduction- of small currents without a complete breakdown of 
the dielectric. These characteristics tend to produce distress in 
the circuit breaker as it is required to absorb energy normally 
stored in the electric circuit. 

The single film showing the operation of a deion grid circuit 
breaker shows no indications that current flowed after the cur¬ 
rent zero at which current interruption occurred. The form of 
the recovery voltage oscillation appears quite normal and does 
not seem to have been influenced by the breaker characteristics, 
except that due to the rather high arc drop just prior to the cur¬ 
rent zero, the amplitude of the oscillations is considerably larger 
than it would otherwise have been. 

For comparison with these records, attention is called to the 
cathode ray films shown by Messrs. R. M. Spurck and H. E, 
Strang.^ In these records no appreciable arc drop appears prior 
to the current zero at which interruption occurred and it was 
therefore possible to trip the cathode ray oscillograph by the 
recovery voltage itself. No appreciable current flowed subse¬ 
quent to the current zero at which the oheuit was cleared so that 
the oscillations produced in the circuit decayed in an entirely 
normal manner as though not influenced by the breaker, and by 
the same token, the circuit breaker itself had to absorb no losses. 

The data taken at the Philo tests showed substantially 2 to 1 
variation in arc length with recovery voltage variation of 10 to 1. 
That is, although the variation in arc length is not proportional 
to the recovery rate, there is a pronounced variation in arc 
length with recovery rate. 

In the tests on the Northern States Power System conducted 
in 1925 and reported by Messrs. Park and Skeats in Philadelphia, 
October, 1930,^ a change in arc length of 4 to 1 with recovery rate 

1, Circuit Breaker Field Tests, A.X.B.S!. Tbaitb., June 1931, p. 613. 

2. Circuit Breaker Recooery Voltages, A.I.B.B. Trans., Marc^ 1931, p. 204. 


was noted. One circuit breaker cleared the low recovery rate 
current and held over the end of its stroke and failed to clear the 
high recovery rate. The proper conclusion would seem to be 
therefore, that some minimum recovery rate requirements should 
be established as part of circuit breaker standards. These mini¬ 
mum requirements would guarantee the users against fair weatlier 
circuit breakers, that is, circuit breakers that can be depended 
upon to do their work only under easy conditions and which fail 
as soon as they are called upon to perform in serious ejnergeney 
service. The recovery rate employed should be that provided 
by the attached circuit. Such a value is determinable by calcu¬ 
lation and is not altered by indeterminate vagaries of the attached 
circuit breaker. It would seem a pity if the oldest Imown form 
of oil circuit breaker should be allowed to defeat such an advance 
in standardization merely by virtue of its own eccentricdties. It 
is felt that positive modem types of oil circuit breakers will pro¬ 
vide consistent records of operation. In any case, it should be 
possible to standardize minimum circuit recovery rates, the 
of which a purchaser is entitled to expect in the circmit 
breaker which he buys. 

H. P. St. Clairt The subject of rate of rise of recovery voltage 
and its effect on circuit breaker performance is one of great 
interest and importance at the present time, and it is very 
gratifying to find that manufacturers are devoting their research 
facilities to further intensive investigations sucli as that described 
by the authors. This paper proSddos anotlier definite contribu¬ 
tion to our total knowledge of the subject, as it has been demon¬ 
strated for the first time that the recovery voltage rate may be 
affected by the circuit breaker itself. This affords a new and 
important angle to the entire subject and we are glad tliat the 
investigation is to continue with the prospect of obtaining further 
data along the same lines. 

To some of us, however, particularly in connection with tlio 
Association of Edison Illuminating Companies committee now 
engaged in the study of oil circuit breaker testing it is disap¬ 
pointing to note the authors’ conclusion to the effect that in 
view of this demonstration, we must abandon all immediate 
efforts toward working out even tentative specifications or prac¬ 
tices as regards the rates of rise of recovery voltage to be used in 
testing breakers. Furthermore, we are not so sure that such a 
conclusion is justified. While the authors have shown that there 
may be a variation as great as 12 to 1 in the observed rate of rise 
of recovery voltage under the same circuit conditions, depending 
upon the type of breaker used, at the same time it is apparent 
also, and so stated in the paper that a breaker that appreciably 
reduces the rate of rise of recovery voltage is one with a weak 
deionizing action and is operating close to the border line of it-s 
ability to interrupt the circuit. 

It seems to us therefore that in the case of modern breakers 
using efficient arc-extinguishing devices and principles, the rate 
of rise of recovery voltage on any given circuit will not vary 
greatly and will not be appreciably reduced. In fact, it seems to 
be true that a reduction in the recovery rate caused by the 
breaker itself should be considered a definite indication of in¬ 
competent performance on the part of the breaker. On this basis 
we firmly believe that tentative specifications or practices should 
be worked out, covering minimum values of recovery rates to 
be used in designing and testing breakers. 

To this end it is to be hoped that other manufacturers will 
conduct similar investigations to determine the performance of 
their particular designs as regards the possible reduction of rate 
of rise of recovery voltage by the breaker itself. 

I. Slepians The application of the cathode ray oscillograph by 
the authors to the study of a-c arcs in oil circuit breakers has led 
to interesting and important results, as the conclusions given in 
the paper well show. They bring to us most forcibly that the 
picture we have been using in describing the extinction of an a-c 
arc at current zero has been over-simplified. In this picture we 
assumed that the arc space prior to ciurent zero was of the nature 
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of a c<oiu!ut»tor witli rolalivoly low n^sistuuoe and that siibsoquent 
to <nnTont /.fn*o it was of tlio nat ure of aii insulator with a negli- 
j?ibl(‘ loakajje anti with a diolot'tric strength growing rapidly from 
a very low value at the nujiucuit of eurront zero to a value sur¬ 
passing that of the rireuit voltage if the are was not roignited. 
This simpltt pi«'turtt was useful. It brought attention to the 
important part i)layod by tint transient eharaeteristie of the cir¬ 
cuit in the (ixtimdioii protH'Ss, although it led also to the ©rroiieoua 
cojit^lusiou that tlu^ transimit did not begin until the current 
zero, and tiiat the transient ran its course dotorniinod entirely 
by e.\b‘raal circuit constants unless the arc was roignited in which 
ease it ran its own indeptuuhmt course until the dielectric, space 
brok(< down. But t ho uscnllograni of Fig, 6 shows that in a circuit 
having (H>nsicltTable electrostatic capacity tJie arc space may be¬ 
come a fairly good diclocdrh^ even ]>cforo the zero of the main 
curnuit, and the oscnllognvni of Fig. 7 shows that the arc space 
aft<!r current zero may btj a sutliciontly good eondu< 3 tor to greatly 
mtxlify the transhuit characteristic of the circuit. 

Abanclon the simple picture, and we may say that the arc 
Hpatie ciuiugtis not from (conductor to insulator with growing 
dieloctrie Hlnmgth, precisely at <niiTont zero, but that it cliaiiges 
in a (umtintious tnanner from con<luctor to very leaky insulator 
with low dielec.tric stnmgth, to loss loaky insulator with liighor 
dielectric, strength and s{) cm until the state of good insulator is 
reacJluHl. The dielcsdric* slrongtli will begin to develop before the 
current zero, altliough usually thc3 leakage will bo groat enough 
tcj carry the dinunishing current without ovorstressing the space. 
The discontinuity in the nature of the arc space at current zero, 
reqtured by the simple theory and which wo should have recog¬ 
nized US a weakm^HS, is now eliminated. 

Gthcr <*vichuu?e that tluj arc space po8.sesHe8 diolociric strength 
before current ztjro is given in tlie writciFs paper in Elvclrolnthnik 
und Mmchintmlum of April 1933. Tliis dielectric strength must 
not be eonfuKcul witli the an? voltage. Whore tho current is 
decreasing, however, as at tJie encl of one-half cycle, we may bo 
sure that the flhdectrif's strengtli is greater than the moiuontary 
arc voltage. H(uicc, in Fig. 3, we may be sure tliat even prior 
to thij curnmt zt*ro the arc? .spa<?ti liad a dielectric strength greater 
than 15,000 volts, a surprisingly large ligure in tho light of the 
simple theory. Hiinilarly the l<?akage of 30 amperes subsequent 
to (mrnmt zero as sluwn in Fig. 9 is surprisingly large. 

The almost cmnjiletij suppression of the current in the arc prior 
to the zert) of tlu^ main <?urrent for a capacitative circuit as shown 
in Fig. 0 reminds one of the ‘*arc failure** prior to (jurrent zero 
discovered by Ailw<»od, Dow and Krausnick® in their resoarcdi 
with the cathodr* ray oscillograph on tlie short a-<3 arc with copper 
electro{les in air. Ilowever, it seenis quite (certain that the two 
phenomena are cpiito <liffcrent in their nature. Messrs. Dow, 
Attwoo<l, and Tiinoshtmko in their paper (see page 920 of this 
issue) show quite (»(»nchiHiv(dy that their arc failure is due to the 
sudden suhstitutifui of a glow cathode for an are cathode prior 
to cjurreut zero. But at high pre8.sures a glow cathode can account 
for only a few liundred volts, whereas the voltage which Van 
Hi(3klo and Berkey observe starts at 5 kilovolts and rises to 20 
kilovolis. *rhe writer suggtjsts as c.xplanation the rupturing of the 
last currcuit carrying filament by the turbulent gas blast. Tho 
electrostatic capacity (»f the circuit permits the ends of tho broken 
filamcmt to sepnratf? far (mougJi to boar the growing voltage. 

Tlnh applicatioti of the cathode ray oscillograph to a-c arc 
exlincliou plKuionuma by tho autliors lias certainly proved its 
great value?, and it is to b4» h(»po<l that tlu^y and others wdll con¬ 
tinue this study for oilier typos of breakers and ranges of poAvor. 

W, F. Skeati 9 s While it has been appreciated for some time 
that a deviation from what was considered ideal circuit breaker 
behavior prior to current zero AVould produce some changes in 
tlie magnitude of the recovery voltage oscillations, the authors 
have made a ncAV eontrihutiou in showing that sufficient current 

3. A.I.K.E. TitAWtt.. V. no. 1031, p. 584. 


may be passed by the breaker after the “finar* current zero to 
modify appreciably the recovery characteristic of the circuit. 

It scorns reasonable that this plionomeiiou should be more 
noticeable in plain-break breakers with their long arc lengths and 
relatively unconfined arc cross-sections than in the more modern 
breakers with tiieir shorter arc lengths and restricted sections, as 
the greater volume of conducting material alloAVS a greater 
absorption of energy without breakdown. As will be shown, 
the records which we have on oil-blast circuit breakers confirm 
this hypothesis, and t.he same is true of the data presented by the 
authors. 

Interesting cathode ray oscillograms were obtained in con¬ 
nection with oil circuit breaker tests made at the Richmond 
plant of the Philadelphia Electric Company on February 20, 
1933. Oscillating frequencies of about 200,000 cycles were antici¬ 
pated, and it was desired to spread each oscillation out over at 
least one-toiith of an inch. This involved a him or sweep speed 
of about 1,700 ft per second which is out of tlie question for a 
revolving drum. At the same time, it was particularly desired to 
obtain a record of tho early part of the voltiige recovery, so that 
tripping on recovery voltage itself did not seem attractive. 



Fig. 1—Rkoovbhy Voltagb OiiAUACTKnisTica with Reaotou 
IjOcatkd Olobb to Breakku 

Tho scheme used accomplished the timing in 2 stcips. Tho first 
stop took advantage of the extreme uniformity in the performance 
of tho oil-blast circuit breaker as regards arc length. An auxiliary 
contact operated from the operating rod of tho breaker was sot 
to clo.se the contacts of a high speed relay during tho last ex¬ 
pected half cycle of current flow. Although a few years ago this 
procedure would have been quite absurd, tho oil-blast breaker 
was so consistent in its performanco that tho correct half cycle 
was selected on 8 of 9 (^0 tests. 

But it was not sulficiont merely to select the correct half cycle; 
a second step was required, giving notice within a fraction of a 
millisecond when the current zero was about to occur. This 
function was performed by a special current transformer with a 
secondary winding open-circuited. A voltage surge appeared 
across tho secondary terminals on this transformer, starting at 
tho desired length of time before the current zero, and this surge 
was used to trip tho cathode ray oscillograph. 

Two of the oscillograms obtained are shown in Fig. 1. These 
were obtained on a circuit in which a current limiting redactor was 
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placed close to the breaker and a powerful circuit connected be¬ 
hind the reactor. This type of circuit results in a comparatively 
high amplitude oscillation at high frequency. In this case, 
2 frequencies were observed, at approximately 190,000 cycles 
and 160,000 cycles, resulting in a beat phenomenon. Superim¬ 
posed on these oscillations is a logarithmic curve arising from 
the circuit behind the reactors, which consisted of generators at 
the local station and a few miles of cable from a neighboring 
station. Reflections from the far end of the cable also are plainly 
discernible. 

These oscillograms offer an excellent basis for the detection of 
any current flow after the apparent current zei^o. Recovery 
voltage is applied very rapidly so as to make the most of any 
conduction that does occur. Furthermore, due to the low value 
of capacitance involved in the high frequency oscillation, the 
energy involved also is low, and hence a small loss can readily be 
detected. A careful analysis of these oscillograms indicates a 3 
per cent reduction in recovery rate in the ease of the lower record 
and a 20 per cent reduction in the case of the upper record. A 
comparison of the 2 flgures indicates that what loss occurs takes 
place before the voltage crosses the zero axis and thus does not 
constitute conduction in the reverse direction. 

It must be borne in mind that with the tremendous possible 
range of variation in recovery rates, a reduction of 20 per cent is 
comparatively insignifioant. 

The writer finds it necessary to disagree directly with one of 
the authors’ conclusions: that it is futile at the present time to 
specify recovery rates in connection with circuit breaker tests. 
The fact stiU remains that there is such a thing as a system 
characteristic Ijhat may be defined as the curve which would be 
obtained with an ideal breaker and which has a definite bearing 
on circuit breaker performance. Moreover, if the performances of 
2 or more breakers are to be compared, it should be on the basis 
of the system characteristic rather than the recovery voltage 
curves actually obtained. Thus the only deterrent which the 
authors have brought forward is the fact that this characteristic 
cannot always be measured in the process of testing. This is 
unfortunate, but hardly of suMcient importance to warrant 
taking no recognition of recovery phenomena, particularly as, in 
the case of modem breakers, the difficulties tend to become 
negligible or disappear altogether. 

R. G. Van Sickles In order to eliminate incorrect and unfair 
comparisons of test results, and to assure customers that they 
are obtaining adequate breakers, a minimum standard for circuit 
breaker testing circuits would be desirable. However, if such 
standards are to be useful and lasting, they must be based on a 
careful consideration of all factors involved. It was for that 
pui^ose that this paper pointed out the significance of the 


various types of transients that appear in laboratory testing. 
By comparing cathode ray oscillograms of test interruptions 
with tke typical oscillograms presented in this paper, it is possi¬ 
ble to judge the performance of the breaker and to state that 
the breaker is operating safely, or that it is struggling to ex¬ 
tinguish the arc. , , 

A standard based on the natural frequency of the circuit 
would eliminate the effect of the breaker. This frequency, if 
calculated, is subject to errors, particularly for the higher values 
for which the magnitudes of inductance and capacity are small^ 
and the waves become complicated when 2 or more frequencies 
are superimposed. Hence calculated values should be checked 
by actual measurements with cathode ray oscillograms; but in 
some cases these measured values may be determined partly by 
breaker performance. 

Mr. Prince referred to oscillograms on a 132-kv circuit and 
the 7.6-kv single-phase oscillograms presented in this paper, to 
compare them with respect to relative arc voltages and types of 
transients. Since the ratio of arc voltage to restored voltage 
varies with restored voltage, being higher for low voltages,, 
better comparisons can be made if the voltages are similar. 

The 132-kv oscillograms can be compared with the 132-kv 
single phase test reproduced as Pig. 3 of a paper by Van Sickle 
and Leeds presented in 1932^, or with Pig. 6 of the present paper,, 
a 44-kv single-phase test. In both of these oscillograms the arc 
voltages are very low; and since the negative peaks of are volt¬ 
age are on the envelope of the transient oscillations, no currents, 
fiowed through the breakers to modify the phenomena. 

The three 7,600-volt oscillograms can be compared with the 
oscillograms shown by Mr. Skeats. At those lower voltages,, 
high deionizing activity apparently produces relatively high 
peaks of arc voltage. 

However, we are not sure that even breakers equipped with 
modern circuit interrupting devices always extinguish the arc 
without permitting some leakage current and producing some 
modification of the transient. For instance on the oscillograms 
shown by Mr. Prince it is possible to draw an envelope of the 
transient oscillations of the 600 volts per microsecond test so 
that the envelope includes the negative peak of voltage. Evi¬ 
dently no leakage current flowed. However, for the test at 2,400 
volts per microsecond we are by no means sure that an envelope- 
can be drawn to include this negative peak of voltage. 

More data at various voltages and currents are needed for 
each type of interrupter before general conclusions can be drawn> 
and we believe that these data should be available before 
standards are adopted. 

4. A.I.E.S. Tbaxts., March 1932, p. 177. 
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Synopsis.—An analysis is made of Uui requirements for satis¬ 
factory operation of the simple four-arm bridge when used for 
impedance measurements. The various forms of bridge are classi¬ 
fied into two major types called the ratio-arm type and the produet- 
arm type, based on the location of the fixed impedance arms in the 
bridge. These two types were subdivided further, based on the phase 
relation which exists between the fixed arm impedances. Eight 
practical forms of bridges are given, three of them being duplicate 


forms from the standpoint of the method of measuring impedance. 
These bridges together allow the measurement of any type of im¬ 
pedance in terms of praeticaUy any type of adjustable standard. 
The use of partial substitution methods and of resonance methods 
with these bridges is discussed and several methods of operation are 
described, which show their flexibility in the measurement of 
impedance. 

***** 


Introduction 

B ridge methods have been used for the measure¬ 
ment of impedance from the very beginning of 
alternating current use. In fact, the history of the 
impedance bridge dates back to the earlier bridges 
developed for the measurement of direct current re¬ 
sistance. While some objection may be raised to this 
method of measurement on the count that it is not direct 
indicating, in the sense that an ammeter or voltmeter 
is, this hivs been more than offset by the high accmacy 
of which it is capable. Bridge methods of measuring 
impedance have continued accordingly to hold a high 
place in the field of electrical measurements and except 
perhaps at the higher radio frequencies are considered 
supreme for this purpose over the whole frequency 
range, where high accuracy is the principal requirement. 

The peculiar advantages of the bridge method are 
most evident where emphasis is laid on the circuit 
characteristics rather than on power requirements. In 
power engineering it may be more logical to make 
measurements in terms of current, voltage, and powar, 
since these are the quantities of immediate interest. In 
communication engineering, however, where design is 
based for the most part on circuit characteristics, and 
power considerations are only of secondary interest, it 
is natural that bridge methods, which furni^ a direct 
comparison of these circuit characteristics should 
generally be preferred. 

Due to the wide field of usefulness and great flexi¬ 
bility of the impedance bridge, a very large amoimt of 
development work has been done and a considerable 
amount of literature has been published covering vari¬ 
ous types and modifications. In fact, the subject has 
become so broad and the information so voluminous 
that the engineer who has not specialized in the subject 
has every excuse for a feeling of considerable confusion 
when he finds it necessary to make a choice among the 
numeroxis circuits available. Perhaps the greatest single 
obstacle to a still more extensive use of the impedance 


bridge in industry is this very multiplicity of t37pes com¬ 
bined wiith a rather complete lack of any practical guide 
for the engineer who is interested principally ip the 
measurement itself and looks on the bridge simply as a 
means to this end. 

Very little information is available as to the relative 
merits of the various t 3 T)es of bridges, the great majority 
of published articles being confined to a description of a 
particular circuit used by the author for a particular 
purpose. 

•The present article furnishes a comparison of the 
relative merits of the large number of circuits which are 
available for making the same measurement and should 
serve as a guide to the engineer who is more interested in 
results than in acquiring a broad education in bridge 
measurements. An outline is given of the fundamental 
reqriirements which must be met by bridges used for 
impedance measurements, and a classification is made 
which serves as a help in the choice of a bridge for any 
particular type of measurement. The relative merits of 
the simpler t 3 rpes of bridge are discussed from the stand¬ 
point of the measurement of both components of an 
impedance, particularly with reference to measurements 
in the communication range of frequencies from about 
100 to 1,000,000 cycles. Where only the major com¬ 
ponent of an impedance is desired, for instance where 
only the inductance of a coil or the capamtance of a 
condenser is desired, the requirements are not so severe 
and many forms of bridges may be used which are not 
suitable for the purpose here outiined. Bridges are also 
used to a large extent for other purposes than impedance 
measurements, such as for frequency measurements. 
These applications will not be considered here. 

The General Bridge Network 

Any bridge may be considered as a network consisting 
of a number of impedances which may be so adji^d 
that when a potential difference is applied at two junc¬ 
tion points, the potential across two other junction 
points will be zero. For this condition, there are rela¬ 
tions between certain of the impedances which enable 

us to evaluate one of them in terms of the others. Thus 
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the bridge is essentially a method of comparing im¬ 
pedances. The impedances of the bridge may conast 
of resistance, capacitance, self- and mutual-inductance, 
in any combinations, and they may actually form a 
much more complicated network than the simple circuit 
shown in Fig. 1. Consequently, the number of different 
bridges which can be devised for the measurement of 
impedances is extremely large. However, ance only 4 
junction points are significant, any bridge circuit may 
be reduced to a network of 6 impedances connected be¬ 
tween these 4 points, as shown in Fig. 1. These im¬ 
pedances are direct impedances, that is, there are no 
mutual impedances between them. 

If a potential is applied at BD and the balance con¬ 
dition is that the potential be zero across AC, then the 
points BD are called the input or power source termi¬ 
nals and the points AC are called the output or detector 
terminals. The impedances Zbd and Zao then act am¬ 
ply as shunts across the power source and detector 
respectively and do not affect the balance relation. 
The balance is not affected if the power source and de- 
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Fig. 1—Sche¬ 
matic OF THE Im¬ 
pedance Bridge 
Reduced to its 
Simplest Form 


teeter are interchanged in a bridge reduced to this 
simple form and hereafter no distinction will be made 
in this respect. 

After the bridge has been reduced to the form of 
Fig. 1, the equation for balance is 

ZcoZjia = ZscZad 

from which 


ZcD = 


-^bc2^ad 


>AB 


( 1 ) 


Thus, if ZcD is the unknown impedance, equation (1) 
evaluates it in terms of the other threq impedances. 
Equation (1) is a vector equation and therefore the 
value of ZcD both in magmtude and phase, or both 
components of it when considered as a complex qxian- 
tity, may be obtained from this equation. 

Although the above equations and subsequent dis¬ 
cussion are based primarily on the use of impedances, 
it should be remembered that all of these relations may 
be obtained in the same general form if the bridge arms 
are considered as admittances. 


The Bridge Requirements 

If the impedances of equation (1) are replaced by 
the complex equivalents R H- jX, then 

(Rbo -^jX-Bc) (Rad + jXm)^ 

Rod + jXcD = • Bab+jXab ^ ^ 

From this equation Rod And Xcd may be evaluated in 
terms of the other 6 quantities. Thus, if each com¬ 
ponent of the impedances of 8 arms is known, each com¬ 
ponent of the fourth impedance in terms of the other 6 
components can be determined. 

In obtaining the balance, any or all of the 6 com¬ 
ponent impedances occurring in the right hand side of 
equation (2) may be adjusted. Since there are two un¬ 
known quantities to be determined, at least two of these 
components must be adjusted. From the standpoint 
of simplicity and speed in operation and in order to 
keep the cost of the circuit to a minimum, it is desirable 
that not more than two of the known components be 
adjustable. It is also essential that the choice be such 
that a variation of one adjustable standard balance one 
component of the unknown, irrespective of the otha* 
component. In other words Rod should be balanced by 
one known standard, this value of the standard being 
independent of the magnitude of Xcd, and, in turn, Xcd 
should be balanced by another standard, the value of 
which should be independent of the magnitude of Rcd. 
This condition of independent adjustment for the two 
components is essential for satisfactory operation of the 
bridge, since it allows the balance to be made more 
rapidly and systematically, - and a given setting of one 
standard always corresponds to the same value of one 
component of the unknown, independent of the magni¬ 
tude of the other comjwnent, thus allowing the calibra¬ 
tion of each of the adjustable standards in terms of the 
unknown component which it measures. 

To meet this requirement, the two components for 
use as adjustable standards should be so chosen that, 
when equation (2) is reduced to the general form 

Rod + jXcD = A -{-jB (3) 

where A and B are real quantities, one of the adjustable 
impedances will appear in A and not in B, while the 
other will appear in B but not in A. 

Consideration of equation (2) shows that if adjustable 
standards consisting either of both components of Zno or 
of both components of Zxd, are chosen, and if the im¬ 
pedances of the two remaining arms are selected so that 
their ratio is either real or imaginary, but not complex, 
then equation (2) reduces to the form of equation (3). 
No other combination will meet the requirement taking 
equation (2) as it stands. Since for the general case 
there is no essential difference in the resulting type of 
bridge whether Zad or Zbo is used as our adjustable 
standard, this means that there is really only one method 
of adjustment, namely the use of both components of 
one a^acent impedance. 

However, if it is realized that parallel components 
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may be used instead of series components for the 
standard, then equation (2) may be rewritten as follows: 

jR( ■» 4 i-A (i> “ (/i A11 ~hjX Au) (filU! +J|X|«:) (Ga !J—jBab) (4) 
where 

Gm. ■ ;Bah == Yab = - 

From this it follows that Gah and Bah may be used as 
the adjustable standards, by making the product 
Zav ^fi« - real or imaginary. 

Thus there are two methods of adjustment possible, 
either the two series components of an adjacent arm or 
the two parallel components of the opposite arm. 

Having chosen the adjustable standards, there re¬ 
main in each ease two arms, adjacent in one case and 
opposite in the other, which have fixed values. These 
impedances must meet certain definite requirements, as 
already .sl,ated. 

For the csise of adjustment by an adjacent arm, that 
is, by Z.W, wiuation (2) may be written in the form 

Bi d + jXru «. (Bao + jfXAo) (5) 

"AH 

Then in onler that this equation fulfill the requirements 
expressed by equation (3), the vector ratio of the fixed 
arms must either be real or imaginary but not complex, 
that is, the dilference between their phase angles must 
be 0 deg, 180 deg or d: 90 deg. 

For the case of adjustment by the opposite arm Zab, 
equation (4) may be written in the form 

Itvn "I" jfXiii, -- Znc. Zah (Gam — jBam) (6) 

Then in order that this equation fulfill the require¬ 
ments of equation (3), the vector product of the fixed 
arms must either be real or imaipnary, but not com¬ 
plex, that is, the sum of their phase angles must be 
0 deg, 180 deg, or dfc 90 deg. 

In the case of bridges of the type indicated by equa¬ 
tion (5), the fbced arms always enter the balance equa¬ 
tion }i« a ratio, and therefore are called ratio arms, the 
bridges of this type being called ratio arm bridges. In 
the case of bridges of the type indicated by equation 
(6), the fixed arms always enter the balance equation as 
a product, and therefore are called product ams, the 
bridges of this type being called product arm bridges. 

These two types may be further sub-divided accord¬ 
ing to whether the tenn involving the fixed arms is real 
or imaginary. 

It should be pointed out at this time that the fixed 
arms are fixed in value only to the extent that they are 
not varied during the course of a measmement. They 
may be functions of frequency, and may arbitrarily be 
adjustable to vary the range of the bridge, but they are 
not adjusted in the course of balancing the bridge. 

Classification op Bridge Types 

The foregoing discussion shows that all simple four 
arm bridges meeting the requirements specified may be 


divided into fom* types. The balance equations of these 
four types may now simply be derived from the general 
equations (2) and (4). 

1. Ratio Ar?n Type—Ratio Real 


It Zna/ZAtt is real. 
Then 


0 = 6bc 0AB = 0® 

or 180° 


That is 

Zuc/ZaVI = Rmc/Rab 

= Xbo/Xat^ 

(7) 

Substituting equation (7) in equation (5) 

and 

separating 

RAiJinc. 

BadXbo 

(8) 

Kcd ^ jy ~ 

Xab 

and 

XauRhc 

XabXbC 

(9) 

XcD = -ff -= 

ItAU 

Xar 


For this type it follows from equations (8) and (9) 
that the components of Zm are balanced by components 
of Zah of the same phase, that is Rav will balance Bco, 
and Xad will balance Xc:d. 


2. Ratio Arm Type—Ratio Imaginary 
If ZboIZar is imaginary 


Then 

0 = Bbo — &AR = ± 90° 

That is 

ZboIZab = jXbc/Rab = — jBjkj/Xab (10) 
Substituting equation (10) in equation (S) and 
separating 


Bcd = ~ 


XadXbo 


R 


AB 


XadBuc 

Xab 


( 11 ) 


and 


BadXbc 

xvab -Aab 


( 12 ) 


For this type it follows from equations (11) and (12) 
that the components of Zgd are balanced by components 
of Zao 90 deg out of phase, that is Xad will balance Bod 
and Bad will balance Xod. 

S. Product Arm Type—Product Real 
If (ZBc^AD)isreal 
Then 

9 = Obc + Bad = 0° or 180° 

That is 

ZrcZad = .^bo/Xad = Bbo/GaD = — Xbo/BaD (13) 
Substituting equation (13) in equation (6) 


GauRho 

GabX^bc 

(14) 

Gad 

Bav 

Ba'&Rhv 


(15) 

Gad 

Bad 
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For this type the components of Zcd are balanced by 
components of Fab of the same phase, that is Gab will 
balance Bcd and Bab will balance Zcd. 

Product Arm Type—Product Imaginary 
If (Zbo^ad) is imaginary 


Then 



That is 

6 = ^BC + ^AD = =fc 90® 


ZbcZad 

= Zbc/YaD — jR-Bc/BAH = jX’Bo/GAH 

(16) 

Substituting equation (16) in equation (6) 



n -BaB-BbC SaB^BC 

-«CD * ■ R > ■ 

■Dad Ctad 

(17) 

and 

^ GabRbc GabXbc 

Dad (tad 

(18) 


ences to, or comparison irith existing special types of 
bridge are omitted. 

TABLE II—BALANCE EQUATIONS 


Ratio arm type Product arm type 


Unkaowii 

li 

o 

e » +90* B - -90* 

B -0 

0 » +90* 

0 » -90“ 

Rcd •• 

KRj^j, 

JCI-ad K/Cad 

KGab 

KILaW 

KCab' 

Lcb * 

KLad 

KRab 

KCab’ 

KGab 


Ccj> * 

ifCAD 

1/KRad 

KLab' 


1/KGab 

Gcd “ 

KCad 

1/KLad' Cab'/K 

Rab/K 

Lab/K 

1/KCab 

I*od' *» 

KXiad' 

K/Gad 

Cab/K 

K/Rab 


Cod' * 

ifCAD' 

Gab/K 

Lab/K 


Rab/K 

Figures 

2A 

2D 2E 

2H 

2J* 

2K 


2B 

2F* 2G* 

21 




2C 

R, L and C » series components of complex arms. 

G, Zi, and C* » parallel components of complex arms. 

K has tlie value Indicated on the individual circuits of Fig 2. 
^ * ^AB — &BC for ratio arm typo 

_ B » ^AP + ^Bc for product arm type _ 

"•These forms are not practicid. 


For this type the components of Zcd are balanced by 
components of Fab 90 deg out of phase, that is Bab will 
balance Rod and Gab will balance Zod. 

The relations given in these equations are summarized 
in Table I. 


TABLE I—BBIDOE TYPES 


Unknown 

Adjustable standard 


Ratio arm type 

Product arm type 

Ratio real 

Ratio 

imaginary 

Product real 

Product 

imaginary 

•Rod. 

. 


.Cab. 


XcD. 

. Xad . 




♦Cod.. 

. Cad . 




*-ScD. 

- -Bad . 


.Xab.... 

. Rab 

♦These values may he derived by using 

admittances in place of im- 

pedances and vice versa throughout. 




Actual Bridgb Forms 



The fixed arms may be made up of simple resistances 
or reactances or of complex impedances provided they 
meet thw phase requirements. Since the choice of 
complex unpedances has no practical advantages over 
simple reactances or reristances, the choice of fivAd 
impedances should obviously be made on the ha«ia of 
the amplest practical type. So they wiU be limited for 
the present to simple resistance, capadtance, and self¬ 
inductance. 

Kg. 2 gives all of the combinations of fixed arms 
which meet the phase. angle requirements already 
stated, when limited to simple resistance, inductance, 
or capadtance. For all forms, the magnitude of one 
arm is given in terms of the other and of a constant K, 
such the only term which appears in the balance 
equation is the term K. None of these bridges repre¬ 
sent? a distinctly new type, but since the dassification 
is by means of the fixed impedance arms, one of them 
may be used to measure several types of impedance. 
Accordingly it may correspond to more than one of the 
well-known bridge types. For this reason, any refer¬ 


Tahle II gives the balance equations for each type of 
bridge for the measurement of any component of the. 






J K 

Fro. 2 —The Various Forms of 4-Arm Bridgbs Divided Into. 
Four Types 

unsown impedance in terms of resistance, capacitance, 
^d inductance. These equations simply are derived 
froin the general equations (8) to (18) by substitution 
of circuit constants for impedances and by the intro¬ 
duction of the constant K. This constant must be 
evaluated from the relation between the ratio arms or 
^oduct arms shown in the individual bridge forms of 
Fig. 2. At the bottom of Table II are given the corre- 
spontog bridge figures for reference. This table shows 
no bndges having a phase rdation of 180 deg between 
the fixed arms. A little consideration will show that 
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since the phase relation between the unknown and the 
standard for such bridges must also be 180 deg, they 
cannot be used to measure any but pure reactances or 
negative resistances. Accordingly, they are not con¬ 
sidered herein. In the ca.se of the 90 deg relation, both 
signs must be considered and result in bridges that are 
complementary with respect to one another, that is 
while one measures only inductive impedances, the 
other measures only capacitive impedances. Thus 
Table II shows the imaginary type subdivided into two 
sub-types, depending on the sign of the angle. 

As an example of the use of this table: Suppose it is 
desired to measure the aeries resistance and inductance 
of an unknown impe<Iance. This may be done by using 
adjustable .standards of series resistance and in¬ 
ductance, series resistance and capacitance, parallel 
re.sistance and capacitance, or parallel resistance and 
inductance, by choosing the particular type of bridge 
for the purpose. For instance, referring to Table II, 
if it is desired to measure the series resistance in terms 
of conductance, and the series inductance in terms of 
parallel capacitance, the product arm bridge with real 
ratio, that is, either Fig. 2H or 21, would be used. 

Since there arc 6 types of balance equations given in 
'ruble II, it follows that 5 of the circuits of Fig. 2 are 
duplicates of others from the standpoint of the balance 
e<iuations which they ^ve. For instance, there is no 
difference whatever in the theoretical operation of the 
bridges of Figs. 2A, 2B, and 2C7. The choice must be 
determined entirely from other considerations. In 
the same way, us indicated by the figures tabulated in 
Table II, Figs. 2D and 2^’ give identical results as do 
Fig.s. 2K and 20, and Figs. 2// and 21. JYom the practi¬ 
cal .standpoint, there may be, and actually there is, 
considerable difference in the merits of these diffwent 
forms. At this time, we may simply state that where a 
choice is possible, resistance is the preferred form of 
fixed arm and capacitance is preferred to inductance. 
This allows us to choose our preferred forms as Fig. 2A, 
Fig. 2D, Fig. 2E, and Fig. 2H, 

A study of Table II show-s that bridges of fixed ratio 
arm type always measure the series components of the 
unknown in terms of series components of the standard 
and, convensely, they measure the parallel components 
in terms of parallel components of the standard. 
Bridges of product arm type measure the series com¬ 
ponent of the unknown in terms of parallel components 
of the standard and conversely. 

None of the balance equations of Table II includes 
frequency, that is, all of them allow the evaluation of 
each component of the unknown directly in terms of a 
corresponding component of the stand^d with the 
exception that in some cases the relation is a reciprocal 
one. Practically any form of standard maybe chosen 
in order to measure a given type of unknown 
impedance. 


Practical Considerations 

So far the question whether the requirements for the 
fixed arm impedances given in Fig. 2 can be met in 
practise has not been considered. It may be well to 
point outthattheperformaneeof the bridge is determined' 
very much by the degree to which the phase angle 
requirements are met. If there is appreciable error here, 
the two balances wiU not entirely be independent and 
necessary corrections will be complicated and difficult 
to make. Consequently, the first essential for a satis¬ 
factory bridge is that its fixed arms meet their phase 
angle requirements. For a general purpose bridge these 
requirements must hold independent of frequency at 
least over an appreciable frequency range. 

The forms given in Fig. 2 meet their phase angle 
requirements at all frequencies provided the arms 
actually are pure resistances or reactances. If they have 
residuals associated with them, it is still possible to meet 
the phase angle requirements in most cases, at least over 
a reasonable frequency range, as discussed below. 

Resistances can be made to have practically zero 
phase angle and condensers, particularly air condensers, 
may be made to have phase angles of practically 90 
deg. In the case of condensers having dielectric loss, 
this loss may be kept quite small. However, it takes 
such a form that the phase difference of the condenser 
approximately is independent of frequency. For this 
reason, it can not be represented accurately either as a 
fixed resistance in series with the condenser or as a fixed 
conductance in shunt, when considered over a 
quency range. Due to the small amount of this loss, it 
usually is satisfactory to represent it in either one form 
or the other, whichever is the more convenient. 

In the case of inductance, there is always a qmte 
appreciable series resistance which, for the usual size 
of coil, can not be neglected and must accordingly be 
corrected for. 

"With the above conaderations in mind, the forms of 
Fig. 2 may now be reconsidered from the practical 
standpoint. It is readily seen that the requirements of 
the real ratio type bridge can be met using resistances, 
capacitances, or inductances. In the case of the 
imaginary ratio type, the requirements can be met, at 
least very approximately, in the case of Figs. 2D and 
2E. However, in the case of Figs. 2F and 2G, any re¬ 
sistance in series with the inductance must be corrected 
by a capacitance in series with the resistance, if the 
correction is to be independent of frequency. Since the 
value of this series capacitance will, in general, be large, 
this form of correction is unsatisfactory. For instance, 
for a bridge in which the value of JS is 1,000 ohms and 
the inductance has a high time constant, the series 
capacitance required is in the order of 3/d. By using 
a standard of inductance having larger series resistance, 
we may reduce this capacitance, but we then have a 
form of bridge which is, in effect, a compromise be- 
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tween Figs. 2F and 2G, and Figs. 2D and 2E, which has 
no practical advantages over the latter. Accordingly, 
the forms of Figs. 2F and 2G must be considered im¬ 
practical, particularly as Figs. 2D and 2E give identical 
performance. 

In the case of the product arm t 3 i)e the requirements 
can be met by Fig. 2H and can be met by Fig. 21 by 
adding a conductance in shunt with the capacitance to 
compensate for the series resistance of the inductance. 
However, even though this allows us to meet the re¬ 
quirement, this form is less satisfactory than that of 
Fig. 2H due to the difficulty of designing an inductance 
standard having inductance and series resistance in¬ 
variable over an appreciable frequency range. Again 
the requirements can readily be met by Fig. 2K, but 
in the case of Fig. 2J series resistance of the inductance 
can be corrected only by shunting the resistance arm by 
pure inductance, which is impractical. This is unfor¬ 
tunate since it rules out one form of bridge for which 
there is no duplicate and, consequently, makes the 
measurement of inductive impedances by bridges of 
this type impractical. 

Summarizing the above, practical conaderations rule 
out Figs. 2F, 2G, and 2J, reducing to 6 the number of 
different bridge types. There are 8 forms remaining, 
namely 3 of the real ratio type, each capable of giving 
the same pCTformance; 2 of the imaginary ratio type 
which are complementary, together giving a measure¬ 
ment of inductive and capacitive impedances; one of 
the real product type which will measure all types of 
impedance; and one imaginary product tsrpe which is 
capable of measuring only capacitive impedances. 

The only duplicate forms are in the case of the real 
ratio and real product types. In the case of the latter. 
Fig. 2H is to be preferred in practically all cases to 
Fig. 21, as already explained, and thus we can say that, 
practically speaking, we have duplicate forms only in 
the case of the real ratio type. 

The three forms of this type are all used and each has 
certain advantages for certain types, of measurements. 
This type of bridge, commonly known as the direct 
comparison type, probably is used more than any 
other, and is one of the most accurate types, particu¬ 
larly in the special case of equal ratio arms. This is 
due to the fact that a check for equsdity of the ratio 
arms may readily be made by a method of ample 
reversal without any external measurements, and by 
this means practicaUy all ihe errors of the bridge may 
be eliminated. Eesistance ratio arms are preferable 
for a general purpose bridge because they are more 
readily available and more readily adjusted to meet 
their requirements. They also pve an impedance inde¬ 
pendent of frequency, which usually is desirable. 
Capacitance ratio arms have certain advantages for 
particular cases. They may readily be chosen to give 
high impedance values, this being an advantage in 
certain cases, for instance in the measurement of small 
capacitances at low frequencies. This form also is 


desirable where high voltages must be used, since the 
ratio arms may be designed to withstand high voltages 
without the dissipation of appreciable energy. It also 
has the advantage that where measurements are de¬ 
sired with a direct current superimposed on the alter¬ 
nating current, the direct current automatically is 
excluded from the ratio arms and thus all of the direct 
current applied to the bridge passes through the un¬ 
known and there is no dissipation due to the direct cur- 
rmit in the ratio arms. The impedance of the ratio 
arms decreases as the frequency increases, which 
usually is a disadvantage but may have advantages in 
some cases, such as the measurement of capacitance. 
There may be a disadvantage, in some cases, due to the 
load on tiie generator being capacitive, thus tending to 
inwease the magnitude of the harmonics, and again, in 
the case of the measurement of inductances, there may 
be imdesirable resonance effects. 

The inductance ratio arm type has advantages where 
heavy currents m\ist be passed through the bridge, since 
the ratio arms of this type may be designed to carry 
large currents with low dissipation, A modification of 
this type, where there is mutual inductance between 
the ratio arms, gives the advantage of ratio arms of 


Fia. 3 

A. Bridge of 
Type 2 fob Mba- 
suRiNQ Self- 

Indttctancb 

The Same 
Bridge Modified 
BY THE Use of 
Partial Sxtbsti- 

TUTION A B 

high impedance with a corresponding low impedance 
input. A further modification consists in making the 
ratio arms the secondary of the input transformer, thus 
combining in one coil the functions of ratio arms and 
input transformer. This form, of course, departs from 
the simple four-arm bridge, but is mentioned here due 
to its simplicity and actual practical advantages. 

SUBSTETUnON METHODS 

In any of the bridges discussed and, in fact, in prac¬ 
tically all bridges, it is possible to evaluate the unknown 
by first obtaining a balance with the unknown in the 
drcuit and then substituting for it adjustable standards 
whidh may be adjusted to rebalance the bridge. This 
is, in general, a very accurate method, eliminating to a 
large degree the necessity for the bridge to meet its 
phase angle requirement. However, in the case of 
complete substitiition of standards to balance both 
components of the unknown, the method has no ad¬ 
vantage except accuracy over the bridges of tsrpe 1, 
since standards of the same type as tiie unknown must 
be used and, in general, this method lacks the flexibility 
of bridges of t 3 rpe 1, obtained by their unequal ratio 
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arms. On the other hand, the use of substitution to 
measure the resistance or conductance component of 
the unknown has many advantages, the principal one 
being that it allows the choice of a type of bridge that 
will g^ve directly the reactance component of the un¬ 
known in terms of an adjustable resistance and then 
by use of the substitution method to balance the re¬ 
sistance or conductance of the ruiknown by means of 
a second adjustable resistance, thus obtaining the ideal 
method of balance, using two adjustable resistances. 

For the purpose of illustration, the case of the mea¬ 
surement of an inductive impedance may be taken. 
In general, the most desirable method would be to 
balance the reactance by means of series resistance. 
This can be done by means of the bridges of Figs. 2E 
or 2G. Choosing Mg. 2E as the preferred form, the 
bridge normally would take the form of Mg. 3A. 

For normal operation. Cad and Bad would be the 
adjustable standards. The series inductance of the 
unknown would be given directly as KRkd, while the 

K 

series resistance would be given as —p; -. This mea- 

Gad 

surement of the series resistance requires an adjustable 
capacitance and a computation due to the reciprocal 
relation. Now suppose a fixed value for Cad were used 
and an adjustable resistance standard Ra placed in 
series with Zx, giving the form of Mg. SB, in which 
Bad and Bb are the adjustable standards. K terminals 
Zx are short-circuited, the conditions for balance are 

K 

Bb = —p ;— and Bad = 0. Then the unknown Zx is 
Gad 

inserted and the bridge rebalanced. The inductance of 
the tmknown is given, as for Mg. 3A, as KRxd, but since 
Cad is unchanged the total resistance in CD is im- 
changed. Therefore, the series reastance of the un¬ 
known will be equal to the diange in Bs betweai the 
two balances. 

This bridge circuit may be recognized as the familiar 
bridge due to Owen,^ and it is,, theoretically at least, 
when used as described, an exceedingly desirable 
bridge for inductance measurements. 

It should be pointed out here that since either Cad 
or Ba may equally well be used to balance Rx> it is not 
necessary to use either one or the other exdusively in 
any one bridge. The adjustments may be combined so 
that the capacitance adjustment will take care of large 
changes and Bs of small changes; that is. Cad may be 
used for coarae adjustment and Bs for fine adjustment. 
This compromise is, in general, more satisfactory than 
either method used alone. 

The imaginary product arm type, particularly the 
form of Mg. 2K is also well adapted to modification to 
enable it to measure capacitance and conductance in 
terms of two adjustable resistances. 

I. D. Owen, Proe. Phya. Soe. London, October, 1914. 


There is a further modification of the substitution 
method, which is in common use. As already ex¬ 
plained, there is little practical advantage in the sul> 
stitution method for measuring either inductance or 
capacitance. However, there are occasions where the 
substitution of capacitance for inductance has ad¬ 
vantages. Since the reactance' of one is opposite in 
sign to that of the other, the method might more 
correctly be termed a compensation method, but in 
common with other substitution methods it can be 
made irrespective of the type of bridge. Various modifi¬ 
cations of the general method may be used, but they 
are all classed imder the general head of resonance 
methods. 

Resonance Methods 

If it is desired to measure the inductance of any 
inductive impedance, a capacitance standard may be 
inserted in series with it, and adjusted until the total 
reactance of the combination is zero. The only function 
the bridge performs is to measure the effective re- 
astance of the combination, and to determine the 
condition of zero reactance. Any of the bridges of 
Mg. 2 will do this satisfactorily, but those of real 



B 

Pia. 4 

A. Ths CD Abu oi* the Bbidgb as Used bob Sbbies 

Resonance Measdbeuents 

B. The CD Abu of the Bbidoe as Used fob Pabaldel 

Resonance Measubements 

ratio type that is, the ample comparison type, are 
the most satisfactory since they give the resistance 
directly in terms of an adjustable resistance standard. 
This type of bridge usually is termed a series resonance 
bridge. The value of the inductance is computed from 
the resonance formula w*LC = 1. It has the dis¬ 
advantage that it involves the frequency, but it has 
the compensating advzmtage that the method, being 
essentially a direct measiur^ent of the resistance of 
the resonant circuit, is very accurate for the measure¬ 
ment of effective reastance. 

The condenser may equally wdl be shimted across 
the unknown, in which case the bridge drcuit is called 
a parallel resonance bridge. Howeva-, if the ratio of 
reactance to resistance of the unknown is not high, the 
expression for the series inductance in this case is not 
as simple as that for series resonance, and is not inde¬ 
pendent of the value of the effective resistance, that is, 
the two adjustments are not independent. 

Mg. 4 shows the forms taken by the CD arm for 
resonance measurements. Mg. 4A is the series resonant 
circuit using an adjustable capacitance standard. Mg. 
4B is the parallel drcuit uang an adjustable capadtance 
standard. 
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Discussion 

W. B. Kouwenhovens This paper presents a rather novel 
grouping of impedance bridges. In addition to the impedance 
balance relation, equation ( 1 ) of the paper, there exists the phase 
angle balance relation which is 

Bab + Bed = Bad + Bbc 

This relation is very useful in many cases where the power factor 
of a dielectric is in question. 

In any a^c bridge measurement, there are many factors that 
have to be considered. Among these are: the size and character 
of the specimen; the constants desired; the frequency range; 
the required accuracy; the bridge sensitivity; the inherent 
bridge errors; the question of shielding; the power source; and 
others. In some cases these factors lead one to choose a parallel 
arm type of bridge such as the Schering bridge for the work. 
This class of bridge is not discussed in any detail by the author. 

Although impedance bridges usually may be operated as direct 
reading, the use of a substitution method often simplifies the 
work and reduces the errors that may be present. There are 
three classes of substitution methods: 

1. In which the bridge is first balanced with the unknown in 
circuit and then substituting for the unknown an impedance 
whose constants are accurately known. The bridge is now 
balanced by adjusting the known impedance. This method re¬ 
quires that the known impedance have the same constants as the 
unknown. 

2. In which the bridge is first balanced with a known variable 
impedance in the X arm and then the unknown impedance is 
connected either in series or in parallel with the known variable 
impedance and the latter is then adjusted for balance. 

3. In which the bridge is first balanced with a known fixed 


impedance in the X arm and then the unknown is connected in 
that arm and the second balance obtained by adjusting the 
impedances of one or more of the variable arms of the bridge. 

The second method generally is the simplest to use and usually 
gives satisfactory results. 

John G. Fergusons Equation (1) as pointed out in the text 
is a vector equation and therefore includes the relation between 
the vector angles mentioned by Professor Kouwenhoven, as well 
as the relation between their magnitudes. 

The equations derived in the paper are based primarily on 
impedances. However, the relations may be equally well de¬ 
rived in terms of admittances, and Table II gives the equations 
for each bridge in terms of both parallel and series components. 
The Sobering bridge therefore is fully covered. In fact, Figure 
2k represents the Schering bridge in its simplest form if it is 
assumed that Zx consists of the unknown imperfect condenser 
and Za consists of a standard condenser in parallel with a standard 
conductance. 

The division of substitution methods into 3 classes is interest¬ 
ing. However, the first 2 classes differ only in degree. In other 
>vords, it is immaterial in the general case whether the unknown 
replaces all of the known standard or only part of it. The third 
class can be considered a substitution method only in so far as 
it approaches class 1 or class 2. A true substitution method 
precludes any change in the variable arms of sufficient magnitude 
to be recognized as a distinct method of balancing the bridge. 

In a theoretical paper such as this, it was not possible to discuss 
in detail the practical advantages of these bridges but the fact 
that they are all of the simplest form, having only 4 branch 
points, and are all at least approximately direct reading, makes 
it improbable that any more complex type would offer sufficient 
advantages to justify its preference. 



Better Instrument Springs 

BY ROBERT W. CARSON* 


Associate, 

Synopsis.—Electrical measuring instruments play an important 
part in the generation, distribution, and sale of electrical power, and 
in the development and testing of electrical machinery* The accuracy 
of electrical measuring instruments depends as much on the quality 
of the control springs as on the design of the torque producing 
eleimmis* 

Unstable effects found in the application of spiral springs to 
electrical instruments arise from aging in service and hereditary 
hysteresis in the sprmg materiah There is Utile available informa-- 
tion in the tcch7iical literature on these effects* In order to produce 
the most satisfactory sirring controlled inslrurnenis for the electrical 
industry, there should he recorded in the technical literature a con¬ 
siderable body of detailed informoiion on springs* Information is 
needed on such subjects the effect of composition, condition of 
material, formmg methods, stabilizing treatments, design details, 
residual siresses, sendee condilions, and temperature on ike per¬ 
formance. of spiral mslrimeni springs* 


E lectrical measuring instraments play an im¬ 
portant part in the development and testing of 
electrical machinery, in the operation and control 
of electrical equipment, and in the distribution and 
metering of electrical energy. In these applications of 
spring controlled instruments, the accuracy depends as 
much on the performance and stability of the control 
springs as on the design of the torque producing ele¬ 
ments. Such factors as jewels, pivots, permanent mag¬ 
nets, electrical design and the structure of the mechan¬ 
ism are well covered in the technical literature. How¬ 
ever, the standard references on instruments, both in 
this country and abroad, cover only the usual data on 
the mechanics of spring design, and do not include the 
knowledge necessary to produce instrument springs of 
the high quality and performance required in modern 
sensitive instruments. 

There are two unstable effects found in the applica¬ 
tion of spiral springs to electrical instruments: aging and 
hereditary hysteresis. Aging is a slow permanent change 
in the zero position and calibration of the instryiment 
over long periods of time. Hereditary hysteresis is a 
time lag of the deflection in relation to the applied 
torque. Hysteresis is a temporary effect evidenced by 
the failure of the spring to return exactly to the zero 
position after having been deflected for a long period of 
time. 

There is little data on the effect of aging ^d heredi¬ 
tary hysteresis on the performance of spiral instrument 
springs. St. Clair, Rockerfeller, -and Brombaeher have 
published some data applying to instrument spring ma¬ 
terial. However, the literature contains no information 
that might serve as a guide for determining what con¬ 
stitutes good spring performance, what variables have 

~ •W«w^ Elec. & Mfg. Co., Newark, N. J. 

Presented at the summer convention of the A.l.E.E., Chicago, 
Illinois, June 193S* 


The information presented in this paper resulted from torsional 
pendulum tests, hardness tests, spring uncoiling tests, various form¬ 
ing and siahilizing treatments, and measurements of hereditary 
hysteresis with the grid glow micrometer* 

The results of these tests are presented graphically, showing that 
moderate temperature heat treatment has an important effect on 
hereditary hysteresis, that the softening range of cold worked spring 
ribbon is very critical, that the forming temperature and forming time 
have a controlling effect on residual siresses, that a stress relief anneal 
reduces aging and hereditary hysteresis* The nature of the action of 
hereditary hysteresis is defined. 

Additional information is needed on the effect of composition, 
mechanical condition of the spring material, rolling practise, and 
the temperature of loading on hereditary hysteresis. Also, the 
bibliography may not he complete* Discussion on these subjects is 
invited. 

« 41 « « « 


a controlling influence, and what manufacturing opera¬ 
tions produce the most suitable springs. The situation 
is similar in many respects to the state of the art that 
existed in the application of permanent magnets before 
publication of the work of such men as Evershed, Wat¬ 
son, and Mathews. Thus the art of making good perma¬ 
nent magnets was confined to the realms of shop pro¬ 
cesses, or highly skilled craftsmanship, much of which 
was based upon experience rather than scientific re¬ 
search. As a matter of fact, excellent magnets were 



1—^Forming Instrument Springs 
(a) Forming barrel 

(fy) Barrel fllled with spring ribbon ready for forming 
(c) Formed spiral spring 

made before Evershed’s paper ^d excellent springs be¬ 
fore any publication on the subject. Instrument manu¬ 
facturers, as is well known, have been making magnets 
and springs of the highe^ quality for many years, but 
unfortunately the fact remains that the literature does 
not teach the art of making spmgs. 

Information is needed regarding the ^ect on the per¬ 
formance of spiral springs of such factors as comp(^- 
tion, mechanical condition of the spring material, rolling 
practice, forming methods, stabilizing heat t^tments, 
design details, readual stresses, service conditions, and 
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temperature. It was in recognition of this need that an 
unpublished paper. Aging and Elastic Hysteresis in 
Instrument Springs, was read before the A.I.E.E. in 
January, 1932. The present paper includes the data pre¬ 
sented in the first report with additional information 
drawn from the results of several years of practical re¬ 
search on instrument springs and spring materials. 
While the information in this paper might have been 
known in equivalent form by certain manufacturers of 



instrument springs, it certainly has never been pub¬ 
lished so far as known to the author. Torsional pendu¬ 
lum tests, hardness tests, various forming and stabilizing 
heat treatments, spiral spring imcoiling tests, and 
measurements of hereditary hysteresis with the grid 
glow miorometer were used to obtain this information. 
An extenrive bibliography on the subject of spring de¬ 
fects was collected during the period of this study. A 
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Fig.3—^Effect of 
Forming Tem¬ 
perature ON THE 
Hardness of 
Spring Eibbon 

2 per cent phosphor 
bronze spring ribbon, 
0.015 in. thick, 0.165 
in. wide, 85 per cent 

-- cold reduction in area 

400 time—16 

‘ DE6 CENT minutes 


selected list of refwaices from this bibliography is in¬ 
cluded with this papa*. 

Manufacture of Spiral Springs 


cold reduction in area. For Sample, an annealed wire 
0.064 inch diameter drawn without further annealing to 
0.010 inch diameta* is 16 numbers hard, or 97.6 percent 
cold reduction in area. 

The hard spring wire is rolled with several passes 
through the rolls to a hard, thin ribbon. Several lengths 
of the ribbon are wound together around an arbor, and 
held tightly wound with a close-fitting barrel as illus¬ 
trated in Fig. 1. The ribbons in the barrel are then 
formed to a spiral shape by heating the assembly for 
several minutes at a moderate temperature, in some in¬ 
stances at 300 deg C. When the ribbons are removed 
from the barrd they retain an approximation of the 
spiral shape they assumed when woimd in the barrel. 

The stresses set up in the ribbons when they are 
wound into the forming barrel are very high. As the 
ribbons in the barrd are heated the elastic strength of 
the material decreases. At the forming temperature the 



elastic strength is but a small fraction of its room tem¬ 
perature value, and the springs set to the form in which 
they are constrained in the barrd. However, the high 
sri^es set up in winding the ribbons into the barrel are 
not completely relieved by the heat treatment, since the 
material retains some elastic strength at any tempera¬ 
ture bdow the annealing or softening point. Proof of 
the presence of residual stresses in the ribbon is found 
in the fact Ibat the springy eiqpand when they are re¬ 
moved from the forming barrel. 

Effect of Heat Treatment on Hereditary 
Hysteresis 


In the usual shop method of making spiral instrument 
springs, hard drawn wire of a suitable material such as 
phosphor bronze is used. The degree of hardness or 
temper is measured usually by the amount that the 
cross-section is reduced in cold drawing. This may be 
expressed by the number of wire sizes or the percent 


In the torsional pendulum tests a rotating pendulum 
was suspended by a 20-inch length of spring wire. The 
maximum combined fiber stress at an amplitude of 100 
deg was approximately 9,000 lb per sq in. with a wire 
diameter of 0.010 inch. The wire was heat treated under 
the tension load of the pendulum weight by passing a 
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current through the wire. The decrement of the torsional 
oscillations was measured after heat treatments at suc¬ 
cessively higher temperatures. In a typical test a 2 per 
cent tin phosphor bronze wire with 45 per cent cold re¬ 
duction in area was used. In this test the decrement or 
the hereditary hysteresis decreased rapidly as the heat 
treating temperature 'approached the softening point, 
as shown in Fig. 2. In a series of tests using wires of 
various compositions and varying amounts of cold re- 
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2 nor cent tin phosphor bronze spring wire, 0.010 in. diam, 12 in. long, 97 
per cont cold reduction in area. Tension load—8,000 lb per sq in. Heating 
rate—deg O per minute 


duction in area similar results were obtained, with the 
exception that the effects were greater in wires with 
more cold working. 


was clamped at the upper end of the oven and was 
passed between a pair of small rollers at the lower end. 
The rollers were held in contact with the wire by light 
spring pressure. Extension of the part of the i^ecimen 
inside tiie oven was indicated by a pointer rotated by 
one of the rollers. When the wire was heated the pointer 
indicated the extension caused by thermal ecpansion. 
However, at elevated temparatures the tension load 
introduced permanent creep or plastic extension, in 
addition to the thermal expansion effect. The test was 
performed by heating tiie oven at a uniform rate and 
measuring the temperature and total extenaon of the 
specimen. The plastic extension was obtained graphi¬ 
cally by subtracting the calculated temperature ex¬ 
pansion from the total extoiaon as diown in Fig. 6 for a 
typical test. The specimen illustrated was a 2 per cent 
tin phosphor bronze wire 0.010 indi diameter with 97 
per cent cold reduction in area. Iliie taision load was 
8,000 lb per sq in. and tiie heating rate was 35 deg C 
per minute. In this test there was no plastic extension 
until a temperature of approximately 330 deg C was 
reached. As the temperature was further increased the 
plastic ^tension increased very rapidly. The occi^- 
rence of plastic extension indicated that the matmal 
lost strength as the temperature was raised through 
330 deg C. 

Increased cold working in the spring material was 
found to lower the tempaature at which the loss of 
strength or plastic extension occurred. The temperature 
at which the plastic extension readied 0.020 inch was 
determined for a series of specimens with varying 
amounts of cold reduction in area. Fig. 6 shows that 
this tempCTature fdl rapidly as the cold reduction in 
area was increased. Although this test method is not 
subject to rigorous interpretation, it demonstrates that 


Hardness Tests 

Phosphor bronze ribbons with varying amounte of 
cold reduction in area were subjected to successively 
higher temperatures, and the effect of this thermal 
treatment on the hardness of the strips was measur^ 
with a Vickers pyramid hardne® tester. Large varia¬ 
tions in the range of cold reduction in area did not pro¬ 
duce corresponding variations in hardness. However, 
the softening range was found to be very mtical m 
shown in Fig. 3 for a 2 per cent tin phosphor bronze nb- 
bon, 0.015 inch thick and 0.165 inch mde, with 85 per 

cent cold reduction in area. Heat treating tempetati^ 

up to 350 deg C had little effect, but slightly highw 
temperatures caused a large decrease in badness. A 
gimilrir effect was found in all cold worked nbbons, but 
the initial hardness was not quite as high for lower 
amounts of cold working. 

Softening Tests 

One foot lengths of phosphor bronze wire w^ heated 
in a small electric oven illustrated m ^ 

a constant tension load produced by a weight. The wire 


Fig. 6—Effect op 
Cold Working ON < 
THE Softening § 
Tempbrathre of z 
Spring Wire z h 
2z 

2 per cent tin phos- 
phor bronze spring 
'fdre, 0.010 In. dia, 9 Q q. 
in. long tension load CC I 
—8,000 lb per sq in. 
heating rate—86 d^ 

O per min. Total 
plastic extension, 

0.020 In. 
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the s ofti^TiiTig temperature of phosphor bronze 

wire is controlled by the amount of cold working in the 

material. 

Effect of Tbmferatubb and Time on the 
Forming OP Spiral Springs 

The effect of forming temperature and the time at 
temperature was investigated using a group of ^rmgs 
made from a spring ribbon prepared for a typical instru- 
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ment spring. The spring material used was a commercial 
cold drawn 6 per coat tin phosphor bronze wire 0.008 
inch diameter. The ribbon was rolled in 8 passes to a 
cross-section of 0.0022 by 0.023 inch. The forming 



A —Spring forming barrel inside dia—0.436 incb 


B —^Forming barr^ wound with six dbbons ready 
for forming 


C—^Formed at 250 
degO. Outside dia— 

0.633 in. 

Springs formed in 
^ barrel shown in A. 
Heated in air oven for 
15 min 

D —Formed at 320 
degO. Outside dia— 

0.461 in. . 


E —^Formed for 4 
min. Outside dia— 

0.578 in. 

Springs formed in 
^ barrel shown In A. 
Heated in air oven at 
300 deg O 

F —Formed for 30 
min. Outside dia— 

0.500 in. 


Fig. 7—^Effect of Forming Temperature and Forming 
Time on the Ootsidb Diameter of Spiral Springs Formed in 
THE Same Barrel 

Spring ribbon prepared from commercial 5 percent tin phosphor bronze 
spring wire 0.008 in. dia. rolled to ribbon 0.023 in. wide, 0.0022 in. thick. 
Ribbon length—9.5 in., spring torque—0.27 cm g per revolution 


barrel, inside diameter 0.436 inch, acconomodated 6 
lengths of ribbon 9.5 indies long. Barrels filled with 
spring ribbon were formed at various temperatirres from 
260 to 320 deg C for 15 minutes. Other barrels were 


formed at 300 deg C for various lengths of time from 1 
to 30 minutes. When the spiral springs were removed 
firom the barrels, the springs expanded so that the out¬ 
side diameter of the spring was larger than the inside 
diameter of the forming barrel, as illustrated in Fig. 7. 
There was less increase in diameter of the spring when 
the temperature of forming approached the softening 
point, as shown in the curve. Pig. 8. The time at 
temperature also affected the amount of expansion. 
Fig. 9 shows that a minimum time of 20 minutes at the 
forming temperature was required to complete the 
forming process. 

The expansion of the spring as it was ranoved from 
the barrel provided a very useful method for de¬ 
termining the proper temperature and time for forming 
any given spring. In addition, the amount of expansion 
indicated the relative intensity of the residual stresses 
in tbe spiral spring. 

Uncoiling Tests 

When formed spiral wrings are heated they show a 
tendency to uncoil. This uncoiling tendency was 


lu 



measured by heating the springs formed for 15 minutes 
at 300 deg C to various temperatures. Pig. 10 shows 
that the rate of imcoiling increased vary rapidly with 
only moderate increases in temperature. At 100 deg C 
the imcoiling rate was nearly 10,000 times as rapid as 
the rate at 35 deg C. The uncoiling at any constant 
temperature was found to proceed at a decreasing rate 
asymptotic to some final value, and the final amount of 
uncoiling was found to be larger with springs formed at 
lower temperatures. Measurements of the elastic 
modulus of the wrings (torque per revolution) showed 
that the uncoiling was accompanied by an increase in 
the elastic modulus. The effect of forming temperature 
on the amount of uncoiling and change in elastic modu¬ 
lus is illustrated in Pig. 11. Springs formed at 260 deg C 
were subject to 3 times as much (diange as springs 
formed at 310 deg C. Tests on the springs formed at 
300 to 320 d^ C disclosed that the small initial un¬ 
coiling taidency was removed completely by heating 
the finished firings for 24 hours at 100 deg C. A small 
amount of uncoiling took place during this heat treat¬ 
ment, but there was no subsequent uncoUing tendency 




September 1933 


CARSON: BETTER INSTRUMENT SPRINGS 


873 


at any lower temperature. Comparison of Fig. 8 and 
Fig. 11 shows that the uncoiling tendency, the aging 
tendency, and the expansion of the spring when re¬ 
moved from the barrel are all influenced in a similar 
manner by the forming temperature. This fact stig- 
gests that residual stresses are responsible for aging and 
uncoiling effects as well as the expansion effect in spiral 
springs. 


obtained from the torsional pendulum test (Fig. 2) was 
confirmed. The continuous nature of the hysteresis 
effect is shown in Fig. 13 for a ribbon of 5 per cent 
nickel bronze, 0.016 by 0.109 inch, with 84 per cent cold 
reduction in area. The specimen was formed flat at 300 
d^ C for 15 minutes to relieve cold working stresses. 
At a maximum stress of 12,000 lb per sq in. the creep 
reached 0.28 per cent of the load deflection in 30 hours. 


Grid Glow Micrometer Tests 

Hereditary hysteresis effects in spiral springs arevery 
difficult to measure with precision. These effects were 
investigated using flat strips of spring ribbon loaded in 
bending as illustrated in Fig. 12. A short length of rib¬ 
bon wasplaced on twoparallelhorizontal pins and loaded 
with a weight hung midway between the pins. The de¬ 
flection of the beam was measured with a micrometer 
head fitted with a sharpcontactpoint. Contact between 
the micrometer point and the ribbon operated a grid 



Fia. 9 —^Effect of Fobmino Time on the Outside Diameter 
OF Spiral Springs Formed in the Same Barbel 

Same springs as described In Pig. 7. Formed at 300 deg O for IS min 

glow tube to indicate the instant of contact. A large di¬ 
ameter drum and a magnifier lens was attached to the 
micrometer head to facilitate accurate readings, and a 
constant tension thread drive was used to make ac¬ 
curate settings of the micrometer. An auto^aphic 
attachment was developed which produced a continuous 
record of displacements of the test specimen, so that a 
test could proceed without being distimbed. Ihe grid 
glow micrometer was found to be sensitive to displace¬ 
ments of 0.00001 inch (ten millionths) with a contact 
circuit resistance of more than one megohm. With this 
apparatus precision measurements of hereditary hy¬ 
steresis in instrument spring ribbon were made at low 
working stresses and over periods of time extending for 

several weeks. . 

Hereditary hysteresis in instrument spnng ribbon was 
investigated under conditions of load and tiine sin^ar 
to the service conditions of the instn^ent spring. ^ The 
effect of heat treatment on hereditary hysteresis as 


Pig. 10—^Effect 
OF Aging Tem¬ 
perature ON THE 
Rate op Uncoil¬ 
ing OF Spiral 
Springs 

Same springs as 
described in Fig. 7 



A6IN6 TEMPEPATURE-DEeCENT 


After the load was removed recovery was approximately 
two-thirds completed in 30 hours. The recovery action 
was allowed to continue undisturbed for 7 days. When 
the recovery time was plotted to a logarithmic scale the 
recovery curve formed a straight line as shown in Fig. 
14. Projection of the recovery curve to the point of 
complete recovery gave a period of 42 days required to 
recover from the effects of a load sustained for 30 hours. 



Aging 

Same springs as described in Fig. 7. Aged at 100 deg 0 for 16 hours 


An extensive investigation of the effect of composi- 
tion, load intensity, and load tanperature was started 
in 1931. At the time of the preparation of this paper 
there had not been sufficient data collected npon which 
to form any conclusions. 

Conclusions 

From these tests the following conclusions are draira 
regarding the phosphor bronze spring materials used in 
the manufacture of spiral instrument springs. 
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1. Hereditary hsrsteresis is a minimum in instrument 
springs when the forming temperature is just below the 
softening point. 

2. The softening temperature range for cold worked 
phosphor bronze spring material is very critical. P\ir- 
ther, the softening temperature is lowered by an increase 
in the cold working of the material. 


Fia.l2 —Grid Glow 

MiCROMEiTBR UsBD IN 
Htstbrbsis Tbsts 



3. The increase in diameter of the spiral spring as it 
is removed from the forming barrel indicates the rela¬ 
tive intensity of the residual stresses in the spring. 

4. The tendency of the spiral spring to imcoil and 
increase in elastic modulus is a minimum imder Con¬ 
ditions that produce minimum residual stresses. As in 
the ease of hereditary hysteresis, forming at a tempera- 


Springs made in accordance with the information 
presented in this paper have been used in high grade 
indicating instruments with a marked improvement in 
performance. It is recognized that the details of the 
forming and aging process vary with the dimensions of 
the spring, and with the composition and mechanical 
condition of the spring material. However, the informa¬ 
tion given in this paper has been found to be sufficient 
for the development of manufacturing information for 
any of the usual instrument springs. 

The author recognizes that the work described in 
this paper covers only one phase of the instrument 
spring problem. Additional information is needed on 
such subjects as the effect of composition, mechanical 
condition of the spring material, rolling practise, and 
temperature of loading on hereditary hysteresis and 
residual stresses. Also, the following bibliography may 
not be complete. If some of the results presented here 
have been obtained by others but not reported a con¬ 
tributed discussion on the subject will be welcome. It 
is hoped that this paper will bring out additional infor¬ 
mation of such value as will be reflected in further 
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5 per cent nickel bronze strip, 0.109 in. wide, 0.016 in. thick, 84 per cent 
cold reduction in area. Formed flat at 300 deg 0 for 15 min. Loaded in 
bending at max. stress of 12,000 lb per sq in. 

toe just below the softening point produces the mini- 
mum aging tendency. 

6. The aging tendency of properly formed springs can 
be diminated by low temperature heat treatment. 

6. Hereditary hysteresis is of a progressively con¬ 
tinuous nature, and the creep rate is more rapid than 
the subsequent recovery rate. 


improvement in the performance of spring controlled 
instruments. 
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Discussion 

Paul MacGahant Mr. Carson’s paper is of great interest to 
aU engineers who have been closely associated with the design of 
indicating instruments. In the writer’s ease this association be¬ 
gan in 1898, following the earlier work of Shallenberger and Lange 
who were the first in America to produce commercial alternating- 
current instruments for switchboards. 

In those early days there were enough troubles from tempera¬ 
ture, frequency, and friction effects entirely to cover up the rela¬ 
tively smaller errors introduced by the springs. It was only as the 
electrical and mechanical features of the art progressed that it 
was realized that an instrument could be no more accurate than 
its control spring. Today the spring errors are as important as 
all the electrical errors combined. On the other hand, it should 
not be assumed that springs, as exemplified by the best instru¬ 
ment practice, were all wrong, but rather that the performance 
required of modem instruments requires a better knowledge of 
spring defects. 


Fig. 1—The Variable 
Relation Between 
Deflection of Spring 
AND THE Torque Re¬ 
quired TO Produce It, 
IS NOT Generally Rea¬ 
lized 

(W. Bradshaw, Electric 
Journal, Vol. 3,1906, p. 396.) 



Earlier Westinghouse practice in the design of a-o instruments 
involved the use of 300 deg scale deflections, both in the switch¬ 
board line and in the “precision” line. This precision line stiU is 
in use after aU these years as a secondary or transfer standard of 
reference by many who do not maintain a complete standardiz¬ 
ing laboratory. 

It is interesting to note that there was no appreciable spring 
trouble either in the old induction switchboard instruments or 
the precision instruments with their 300 deg deflections. This is 
of particular interest in the precision instruments where the 
spring effects would not be masked by electrical or mechanical 
inaccuracy in the instrument. In these instruments, a spring 
error of 1/50 of one per cent would be discovered if it were 
present. The excellent performance of the springs in these 
instruments was, no doubt, due to the fact that the springs were 
much larger in size and not rolled as thm as the sprmgs in com¬ 
mon use today. Even though the calculated stresses in the springs 
in modern instruments show a margin of safety higher than the 
margin of safety in the earlier 300 deg scale instruments, problems 
involving stability are more pronounced because of temperature 
conditions and other facts now brought ouj in this paper. 

Is it not possible that in the thin springs size effects are en¬ 
countered? Since residual stresses are associated with crystalline 
structure rather than molecular structure it seems reasonable to 
suspect that the relation between the thickness dimension of the 
spring ribbon and the average grain size across the section is 
approaching some critical condition in the thinner springs. 




876 


CARSON: BETTER INSTRUMENT SPRINGS 


Transactions AJ.E.E. 


There is an interesting: condition brought out by our practice 
iji springs for precision instruments. These instruments use two 
springs, both mounted so as to wind up with increasing loads. 
The reason for adopting winding of both springs was purely ex¬ 
perimental as the early day tests showed a better performance 
than when both springs unwound or when one spring unwound 
and the other wound up. It now appears from this paper that 
there was a real basis for these results since in the winding direc¬ 
tion the external load stress on the springs is opposite in direction 
from the residual stresses and the deflection rate of the springs 
would be more uniform. 

Another interesting point is that the presence of residual 
stresses as disclosed in the paper suggest a rational view of a long- 
known peculiarity in the deflection rate of springs. As early as 
1906^ the curve reproduced in Fig. 1 was published showing the 
characteristic deviation of the precision meter spring. This 
deviation might be explained as arising from the combination of 
load stresses and residual stresses. Assuming that residual 
stresses are of an appreciable magnitude as compared to the load 
stress, during the initial portion of a gradually applied load the 
spring deflection would be decreased slightly by the residual 
stresses. As the load stress increased, the residual stresses would 
have less effect so that the deflection curve of a single spring 
would appear as shown. 

This explanation of the peculiar deflection rate is strengthened 
by the fact that the combined deflection curve for two springs can 
be varied by placing the two springs under slight initial tension, 
in which case one spring is wound up slightly and the other one 
unwound the same amount. In the residual stress conceptions 
the two spri^ngs when subjected to load operate at different points 
on the deflection curve so that the deviations in the combined 
deflection rates are compensated. 

A* B. Smith: The success of the neon lamp as a detector of 
light pressure contacts led the writer to question the whole mat¬ 
ter of the use of the telephone receiver for the same end. The 
latter is commonly used with low emf—1.6 volts or a little more. 
The most commonly used receiver is the operator's receiver, 
which has a winding of 80 to 126 ohms, direct current. Now, the 
neon lamp naturally uses 110 volts. If the telephone receiver 
were used with 110 volts and its coils wound to a high impedance, 
comparable to the emf used, how would it compare with the 
neon lamp? 

Accordingly, the writer tested the matter, February 9 and 10, 
1932. The neon lamp was rated at 2 watts on 110 volts. The 
telephone was a radio headset (2 receivers) whose total direct 
current resistance was 2,200 ohms. The commercial source of 
direct current had a pressure of 115. volts; the test circuit in¬ 
cluded, in series with the d-c source, a resistor, and a good contact 
key, and the device to be tested as an indicator. The work was 
done in a laboratory that was perhaps a little more noisy than 
the usual laboratory, and with north windows for illumination. 

This particular neon lamp had a limit of about 69 megohms. 
Beyond this it would not light. At 69 megohms there was a 
distinct glow but it had to be viewed in a dark box. It seemed 
to be too weak for general use. The radio headset gave clear 
and unmistakable clicks at each closing of the key up to and 
including 700 megohms. Beyond this the writer did not have the 
means to go. There was no confusion caused by residual charge 
on the key, provided by opening the circuit elsewhere. 

Both the neon lamp and the high resistance telephone receiver 
have a place as detectors of contact. Each has its own peculiar 
advantages. The telephone leaves the eye free from observa¬ 
tions, leaving the ear to pick up the indication. The neon lamp 
may be used in ultra-noisy places, where the telephone click 
could not be heard. It is gratifying that the grid glow microm¬ 
eter has been brought to our attention, and that the telephone 
receiver has promise of larger utility than before. 

1. Wm. Bradshaw, **Maiateiiance and Oalibration of Service Meters," 
Electric JournaU vol. 8,1906, p. 395. 


Howard Scott: It is quite generally known that metals creep, 
that is, flow under constant low loads, at high temperatures, but 
it is not so well known that they do so at normal temperatures. 
The effect is, of course, extremely small at room temi)erature and 
important in but a few cases, among which is that of precision 
springs. However, it is there a determining factor in the selec¬ 
tion and treatment of metal for such uses. It is so small that an 
extremely sensitive test method is required to detect it. A highly 
satisfactory test method has been developed by Mr. Carson 
following the principles outlined by the writer.^ 

The author's tests on flat strips rather than coiled springs are 
of particular interest because they eliminate an important 
variable, residual stress, whose effects are difficult to distinguish 
from those of other factors. Obscure phenomena are often at- 
^buted, rightly or wrongly, to residual stresses that are certainly 
present in spiral springs. Consequently, it may be pertinent to 
examme closely their possible effects on spring performance. 

Stresses remain within a spring released after the hot-forming 
operation due to the fact that the plastic yielding necessary to 
shape the spring does not vary linearly across the thickness of 
the spring strip. These stresses are commonly called residual 
stresses. Their intensity usually is a maximum at the surface 
where they have the greatest effect on spring performance. At 
the surface they are of opposite sign from the forming stresses 


Fig. 2—Idealized Distribu¬ 
tion OF Axial Stresses Dur¬ 
ing Forming of Flat Strips 
Into Spiral Springs 



causing the plastic yielding necessary to produce the desired 
spring curvature; that is, the stress is compressional on the con¬ 
vex surface of the spring, and tensional on the concave surface. 
The manner in which residual stresses develop on hot-forming 
is illustrated by Fig. 2. It is assumed for the sake of simpHcity 
that the stress-strain curve for the metal wMle hot consists of 
two straight lines, one representing loading to the yield point, 
P 2 , and the other beyond the yield point. Deformation is as¬ 
sumed to continue indefinitely under the yield point load. On 
this basis, the three significant stresses defined by the figure are 
related as follows: 

^ P2 r ^ / p: y "I 

Pi 2pi L \ Pi / J 

The residual stress at the surface where it is most important is 
Pz — p: and of opposite sign from pj. These relations give, of 
course, only apparent values of the residual stresses, but the 
values are not enough different from what would be obtained 

2. H. Scott, "High Temperature Characteristics of Metals as Revealed 
by Bending," American Society for Testing Materials, V. 31, p. 129 (1931) 
Part II. 
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were the true stress-strain curve used to modify any conclusions 
drawn here from them. 

As the temperature of the spring metal is raised its yield point 
falls from around 100,000 lb per sq in. at room temperature to 
a very low value at the highest permissible forming temperature. 
The equation just given shows that as the yield point is so 
lowered, the residual stress at the surface which remains after 
release of the cooled spring must first increase from zero to a 
maximum when the yield point hot has dropped to about 60 
per cent of the maximum applied stress, pi, and thereafter falls 
as the yield point is decreased by higher temperatures. The 
residual stress never exceeds half the yield point at the forming 
temperature. 

The manner in which the apparent yield point varies with 
forming temperature may be deduced from the data given in 
Fig. 7 and the equation. The initial forming stress at the surface, 
px, is about 86,000 lb per sq in. which is below the yield pomt of 
the cold metal. At the forming temperature, the yield point is 
temporarily much lower and may be estimated from the diameter 
of the spring as formed. It is of the order of 18,000 lb per sq in. at 
255 deg C and 3,000 lb per sq in. at 320 deg C as calculated from 
the equation given here. Thus, the residual stress in the freed 


Assuming that the effects of plastic deformation illustrated 
by Fig. 3 apply to cold-worked metals deformed at forming 
temperatures, we have an obvious explanation for unwinding. 
The compressional residual stresses that appear at the convex 
surface of a spring upon release after forming may well reach an 
intensity equal to or greater than the effective compressive yield 
strength of these outer fibers which has been greatly lowered by 
the tensile plastic deformation previously applied during form¬ 
ing. Even if the residual stress approaches near the value of the 
modified yield point, appreciable plastic deformation may be 
expected. The direction of fiow is such as to produce unwinding 
of a spiral spring. 

Of the two factors that may modify the yield point as indicated, 
one probably is dominant. Which is dominant- cannot be de- 
'cided from the limited experimental data available, but may be 
determined by observations of spring creep under normal load¬ 
ing. If the dominant factor is cold-working, the rate of creep 
should be nearly the same for loads that uncoil as for those which 
cause the spring to coil to a smaller diameter. If, however, hot- 
forming is the dominant factor, the creep with unwinding loads 
should be much greater than with winding. Perhaps, Mr. Car- 
son has made some observations on the rate of creep of springs 
loaded in both directions which will answer this question. 



Pig. 3—Distribution of 
Yield Point Within a Metal 
Strip Produced by Plastic 
Deformation Under Tensile 
Loading and Bending 


springs is lower, the higher the forming temperature m^n tMs 
range of forming temperatures. The degree of unwin(^g also 
diminishes with increasing forming temperature so Mr. Caraon s 
suggestion of a direct relation between uncoiling and residual 


stress is plausible. i. 

The magnitude of the apparent residual stress at the surface 
from the preceding data is 8.600 lb persqin. after for^g at 255 
deg C and 1,500 lb per sq in. after forming at 320 deg 0. It is not 
conceivable that stresses of this magnitude can produce the pro- 
gressive unwinding observed by Mr. Carson which is n^y times 
the creep that would be observed in strips free from directio^l 
effects of forming. Consequently, one must look to some other 
factor in spring preparation for an ei^lanation of . 

It is weU estabUshed that overloading m tension to the ratent 
of producing appreciable plastic deformation lowers mwkedly 
the yield point in compression and vice versa. TMs effect takm 
toeether with the residual stresses offers a reasonable expJ^ataon 
of^e phenomenon of unwinding. Fig. 3 shows by ide^ed 
drawings how the yield point within an a^eal^ metal stop is 
modified by tensile deformation and bending. We do not toow 
that the ejLots will be so notable when a cold worked metal is 
SJorm^or when deformation is produced hot as on sprmg 
forming, but suspect that they ate both appre<aable. 


H. B. Brookst Mr. Carson’s paper is a welcome contribution 
to instrument-spring literature, which has b^ notable for its 
meager performance data and utter lack of information on the 
Triii.iring of good springs. Fortunately, the idea that secrecy in 

such matters is necessary seems to be passing. The manufaotu^ 

who publishes the results of research work, undertaken to m- 
prove Ms product, produces a desirable impression in the mind 
of a discriminating purchaser. 

The most importwit of all electrical indicating instruments is 
the wattmeter. It serves as a transfer instrument in the eheeking 
of portable a-o watthour meters in terms of the fundamental d-e 
standards, and it has been found to be the most accurate means 
for measuring the electrical output of generating units in water- 
rate acceptance tests. Such design details as the form and m- 
rangement of wattmeter windings, oompensation for the in¬ 
ductance of the windings and for temperature Miar^s, and means 
for have been carefully studied. But with all of these 

details at their best, the performance of the wattmeter can be no 
better than that of its springs, and this is still short of being 
satisfactory. 

The in the elastic modulus of springs, reported by 

Mr Carson, explains the phenomenon recently shown by a 
wattmeter of the Mghest grade, originally adjusted by the 
to have errors not over 0.1 per cent of full scale value. The 
wattmeter reads low by 0.25 per cent on all ranges; the resistors 
of its cironits had their certified values, within very close hmits, 
and the instrument showed no signs of overload or other abuM. 
The only reasonable explanation is that in the years since the 
instrument left the factory the stiffness of the springs had m- 


creased by 0.25 per cent. 

An increase of temperature of 1 deg C reduces^e s^era of 
a phosphor bronze spring about 0.04 per c^t. While ^e effect 
of this change can be compensated, it would be very doable, 
especially for wattmeters, to have springs of Mgh quality in oAer 
remeets with a much lower value of temperature ^oimt of 
stiffness The use of phosphor bronze is almost as old as the art 

ofinakingcommercialeleetriealinstruments. With the e^rmous 

increase in specialized alloys to give previously impossible per¬ 
formance in almost every other line of manufacturing, it s^s 
strange indeed that we cannot have new and much better alloys 
for the making of instrument springs. 

R. W. Carson* Improvements in sensitivity of ^oteieM 
instruments have generally been obtained by mduoing t^e we^bt 
of the moving element and using springs of thmn» srotion and 
lower torque. TMs trend toward smaller and smaller dimensions 
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in springs may be in part responsible for the greater significance 
of hysteresis effects, as Mr. MacGahan suggests. Also, his 
explanation for the non-linear deflection rate seems to account 
for this effect very well. With a hand-marked dial as used with 
most sensitive electrical instruments this effect would not readily 
be observed. 

Data given in this paper obtained by the use of the bend test, 
developed by Mr. Scott, in conjunction with the recording grid 
glow micrometer apply only to flat ribbon. Although serving 
to duplicate stress, temperature, and load conditions in instru¬ 
ment springs this test method has not been applied to spiral 
springs. Such information as has been obtained on formed 
spiral springs is of doubtful value because of the test variables 
introduced by friction and inertia in the rotating member sup¬ 
porting the spring* Therefore, no data are available to show the 
relative effect of cold working and forming in introducing residual 
stresses. Tests on flat ribbons of cold worked phosphor bronze 
heated to 300 deg C for 15 minutes show that the hysteresis be¬ 
fore heat treating is 10 to 30 times the hysteresis after heat 
treating. Residual stresses of considerable magnitude therefore 
are present in the spring ribbon before forming. 

For anyone concerned with inelastic effects in spring materials, 
the stress analysis given by Mr. Scott is fundamental to the 
problem. Prom the procedure used to evaluate these residual 
stresses it is apparent that the problem is one for the engineer, 
not for the man in the shop. 

To Mr. H. B. Brooks, the author is indebted for further evi¬ 
dence of the aging of springs at normal temperatures. Informa¬ 
tion given in this paper shows how this unstable effect can be 


eliminated in the manufacturing process, as well as removed from 
instruments in service. 

As to the relative importance of the spring material and the 
manufacturing process in controlling spring performance, residual 
stresses appear to be the principal cause of aging and hereditary 
hysteresis, and residual stresses are controlled by the manufac¬ 
turing process. The forming temperature which results in mini¬ 
mum residual stresses is in a critical range just below the softening 
temperature, which in turn varies with the cold working in the 
material. However, the expansion of the spiral spring as it is 
removed from the forming barrel is a minimum at the forming 
temperature producing the minimum residual stress. Springs 
formed at this temperature are further improved by an extended 
low temperature stress relief anneal. 

For the springs shown in Pig. 7 the manufacturing operations, 
as established by the data in Figs. 8,9, and 11, are as follows: 

Forming at 300 to 310 deg C in air oven holding at temperature 
for 20 minutes. Maximum expansion of the spring when removed 
from the barrel—15 per cent. 

Aging —^Heat in air oven at 100 deg C for 24 hours. Aging 
follows last manufacturing operation. 

Similar manufacturing data can be determined for other spiral 
springs, but the details will depend on the size of the spring, the 
spring material, and the cold working introduced in drawing and 
rolling. Expansion of the spring as it is removed from the spring 
forming barrel combines all three of these variables, and therefore 
provides a convenient and rapid means for setting up the manu¬ 
facturing operations that produce a minimum of aging and 
hereditary hysteresis. 



A Portable Oscillograph With Unique Features 


BY KIRK A. 

Associate, 

Synopsis,—This paper describes a simplified portable oscillo^ 
graph having a number of new optical and electrical features. The 
optical sysiemt which consists of a combination of cylindrical lenses 
with axes at right angles^ is designed to permit simultaneous viewing 
and photographing, A continuous time axis for both the viewin^g 
screen and film is secured by means of a smalls variable speed, re- 
volving mirror. 

New galvanometers have been developed which have electromagnetic 


OPLINGER* 
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damping instead of the imud oil damping. These gahanometers 
are very rugged and have been built for recording frequencies as high 
as 14,000 cycles per sec. 

The oscillograph is entirely self-contained and may be operated 
from a llO-voU OO-cycle lighting circuit without auxiliary attach¬ 
ments. The compactness and portability of the instrument can be 
seen from its over-all dimensions which are 8 X ll}i X 11 in. 
and from its total weight, which is approximately 18 lb.- 


Introduction 

D uring the past few years, niraiCTOus applications 
have been opened to the oscillograph in connection 
with radio broadcasting and the use of vacuum 
tubes for industrial purposes. Outside the field of elec¬ 
trical engineering, the oscillograph has been used for 
acoustical studies and for the measurement of vibra¬ 
tions, accelerations, and pressures. In many of these 
applications, the oscillograph has not only simplified 
the development work, but it has often furnished data 
that could be obtained in no other mann^. 

In designing an oscillograph for applications such as 
mentioned above, simplicity and ruggedness are of pri¬ 
mary importance, as the instrument will not generally 
be used by an experienced oscillograph opwator. The 
size of the oscillograph and the ease of maldng visual 
observations are also important since the oscillograph 
will be used much the same as an instrument to make 
comparative measurements of amplitude, phase, fi^ 
quency, or wave shape. To meet all of these require¬ 
ments, an entirely new oscillograph, differii^ greatly 
from previous designs, has been developed using a new 
type of optical system and galvanometer. This new 
instrument may be used as conveniently as an ordina^ 
voltmetfflr or ammeter, and has other characteristics 
which will extend the range of application of oscillo¬ 
graphic instruments. 

Description 

A general view of the oscillograph is shown in Fig. 1. 
The instrument is entirely sdf-contained and roay be 
operated from a 110-volt 60-cycle lighting circuit with¬ 
out auxiliary attachments. The oscillograph is very 
compact as shown by its over-all dimensions which are 
8 X IIH X 11 in- Its total weight is approximatdy 
18 lb. 

A top view of the panel is shown in Fig. 2. Terminals 
for the two galvanometers are located at ibe lower left 
and right hand comers of the panel. Each galvanona- 
eter has a single switch for selecting the desired multi- 
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plier or shunt resistor. The values marked on the panel 
give the approximate d-c voltages and currents for a 
defiection of one inch. Both galvanometers may be 
used for measurements of potentials up to 300 volts or 
currents up to 10 amp without the use of external 
resistors. The control switches have a stop to prevent 
the operator from accideutly switching to the current 
side when connected to a voltage circuit. However, no 
damage will result to the instrument if this mistake is 
made, since both the resistors and galvanometers are 
protected by fuses. 



Pig. 1—General View op Oscillograph 


In the upper left hand comer of the oscillograph are 
two controls which permit adjusting the zero position of 
each galvanometa:. The “timing” knob in the opposite 
comer of the pand varies the timing axis, as will be 
explained later, and thus controls the number of cycles 
visible on the viewing screen. 

Both film and viewing screen are stationary and m 
position for use at all times. When it is deared to take 
a photograph of any recurrent phenomenon, it is only 
necessary to press the “expose” button near the center 
of the panel. This button opens a shutter to the camera, 
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and at the same time, places an overvoltage on the 
oscillograph lamp. Provision has been made to use 
either a standard cut film holder or pack with 2}4, XS}4- 
in. film in a manner similar to that of an ordinary 
camera. 


Optical System 

Simultaneous viewing and photographing is made 
possible by the optical system shown in Fig. 3. This 
system also gives an optical multiplication of the 
galvanometer deflection, thereby making it possible to 
obtain the equivalent of a long optical lever in a short 



space. Referring to Fig. 3, the slit is illuminated by a 
standard 6-volt 32-cp automobile headlight lamp whose 
filament is imaged on the galvanometer mirror by a 
small condensing lens. The lenses Li and La are cylin¬ 
drical with their axes at right angles to the axes of the 
cylindrical lenses La and L 4 . Optical multiplication is 
obtained by means of the lenses Li and La. The lens 
Li gives a reduced image of the slit directly in front of 
the lens La. This image, together with any motion 
imparted to it by the galvanometer mirror, is then en¬ 
larged by the lens La on to the film. The size of the 
image on the film, in the vertical direction, is therefore 
fixed by the width of the slit and the overall magnifica¬ 


tion of the lenses Li and La. The other dimension of 
the image is determined by the height of the slit and 
the magnification of the lenses La or La which focus on 
the film and screen respectively. 

To secure a continuous time axis, the number of faces 
on the revolving mirror, and the angles subtended by 
the filiTi and, viewing screen, have been chosen so that 
there is always a spot of light entering on both the film 
and sa^n just as the previous spot is leaving. This 
arrangement makes it possible to study transient 
phenomena without the possibility of a transient occur¬ 
ring at a time when the screen is dark. 

Directly above the viewing screen is a spherical lens, 
so placed that it gives an enlarged virtual image which 
is comparable in size to the image on the film. Without 
this lens, the image does not appear equally bright at all 
points on the screen. The lens corrects for this and also 



Fig, 4—Inside View op Oscidloguaph 


gives greatly increased brilliancy which is sufficient for 
viewing even in a brightly lighted room. If desired, the 
viewing lens with its screen may be removed and re¬ 
placed by a large curved soreen which is shown mounted 
on the lid in Fig. 1. This arrangement makes it possible 
to trace wave forms and to use the oscillograph in a 
darkened room for such purposes as classroom demon¬ 
strations before a group of students. 

An inside view of the oscillograph is given in Fig. 4, 
showing the arrangement of the different parts of the 
optical syston. The small revolving mirror is driven 
by. the friction between a wheel on the mirror shaft and 
a face plate mounted on the end of the motor shaft. 
The speed of the mirror, and hence the timing on the 
screen, is varied by sliding the motor back and forth to 
change the driving radius. 
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Galvanobjetbrs 

The galvanometers used in the oscillograph are as 
shown in Pig. 5. They are of the moving iron t:^e with 
a balanced armature.^ This design results in a very 
rugged construction which can withstand large ovo:- 
loads without damage and is particularly suitable for 
portable work. These galvanometaa were originally 
developed for sound recording systems and have proved 


tion in the net armature stiffness, and this reduction 
must be less than the mechanical stiffness of the arma¬ 
ture, if the armature is to remain stable in the gap. 
This latter requirement was a serious limitation in the 
design of the balanced diaphragm receiver where the 
net diaphragm stiffness must be fairly low in order that 
the unit could cover the detired frequency range. How¬ 
ever, in the case of the galvanometer, the armature stifl- 


to be very satisfactory for this purpose.* The arrange¬ 
ment of the armature, poles, and coils is shown in Fig. 6. 
Permanent magnets of cobalt steel are used to supply a 
steady flux in the four air gaps. When current flows in 
the coils, the flux in one pair of diagonally opposite gaps 
is increased, while the flux in the other pair is deoreased, 
resulting in a force couple whidi tends to rotate the 
armature about its vertical axis. The restoring force 
for the armature is furnished by its support. 

The construction of the armature and method of 
support is shown in Fig. 7. It will be noted that the 
support has a 90 deg twist at the top which places the 
armature at right angles to the flat, tapered stem. This 
construction gives the desired torsional stiffness for the 
armature, and at the same time, furnishes a Wgh bend¬ 
ing stiffness to keep the armature centered in the air 



Fig. 5—Moving Iron Type Galvanometer 



Fig. 6—^Balanced Armature Construction 

ness must necessarily be relatively high in order to 
obtain a high resonance frequency and therefore, a toge 
steady flux may be used to secure maximum senativity. 

The galvanometers, as used in the osdllograph, are 
designed for twenty ohms impedance and have a sen¬ 
sitivity of 0.10 amp d-c per inch deflection. This 
senativity depends, of course, upon the frequaicy 
range, the above sensitivity being for a galvanometer 
with a 5,000 cycles per second re^onse. The frequency 
range may be extended simply by increaang the tor- 
aonal stiffness of the armature support and galvm- 
ometers of this type have been used for recording 
frequencies as high as 14,000 cycles per second. Galvan¬ 
ometers of this range, however, have much lower 
sensitivity. In contrast to other tjpes of galvanometers, 
the moving iron ,t 3 pe becomes more rugged as the 


gap. The mirror is moxmted on a short stem extending 
above the armature. It is desirable to have this mirror 
large, since it is one of the limiting factors in the amount 
of light that is available on the oscillograph viewing 
screen and film. On the other h^d, the mirror size 
cannot be increased indefinitely, ance its inertia must 
be comparable to that of the armature for optimum 
ovarall performance. The mirror shown in Kg. 7 is 
1/8x5/32 in. and has approximately fifteen times the 
area of an ordinary oscillograph galvanometer mirror. 

In a galvanometer of this type, theforcef^tor, or force 
per unit current, is a measure of the sensitivity. Since 
force factor varies directly with the flux denaty m 
the air gap it is desirable to have as large a steady flux 
as possible. With the balanced armature type of con¬ 
struction, this is possible without saturating the arma¬ 
ture, since the flux passes directly across the gap, and 
does not travel the length of the armature. However, 
an increase in steady flux results in a magnetic reduc- 

1 This eonstruotion was suggested by C. B- Hanna who has 
pubUahed the fundamentals of design, for moving 
hi his paper “Design of Telephone Receivers for Loud Speatang 
PurDOses,** Ptoc. 1925, p. 437-460. ^ ^ t j. 

2. “The Mitchell Recording Camera 
ably for Variable Area and Variable Density 
C B Trans. Soc. Motion Pic. Erigra, v. 13,1929, p. 312-6. 


frequency range is extended. 

The damping of a galvanometCT is also an important 
factor in determining frequency response. If th^e is 
only a slight amount of damping, deflections near the 
resonance frequency will be greatly magnified, since the 



Fig. 7—Galvanometer 
Armature and Support 


galvanometer sensitivity is much greato* for frequenaes 
in this region. No matter how high this resoi^ce ^ 
quency is placed, there is always the probability that 
high frequency components of the applied wave wiU 
occur in the range of resqnance. To prevent a^entua- 
tion of these components, the response of the galv^om- 
eter at resonance must be reduced by adequate damp¬ 
ing. Witii the correct amount of damping, a galvanom- 
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eter will have practically uniform sensitivity throughout 
its entire frequency range. This damping should remain 
constant regardless of time or temperature, so that there 
is no change in calibration. In most galvanometers, it 
is necessary to use some form of mechanical damping, 
such as oil or rubber, but with the moving iron type it 
has been possible to get sufficient electromagnetic damp¬ 
ing to approach the above requirements closely. If a 



Fig. 8—Galvanometeb Fbbquency Respomsb 


strong magnetic field is used, the motion of the armature 
at resonance will generate a back-voltage which will 
oppose the applied voltage to prevent any large de- 
fiections. The effectiveness of this back voltage is 
determined by the total resistance of the circuit. 

A typical response curve for the galvanometer used 
in the oscillograph is shown in Fig. 8. Although the 
damping obtainable with electromagnetic systems as 
used in this galvanometer is somewhat less than the 
desired value, it should be emphasized again that it is 



Fig, 9—^Diagram op 
Galvanombtbb Circttit 


to cover the voltage steps, and is arranged so that on 
the lowest voltage tap, there is still sufficient resistance 
to give essentially a constant current to the shunted 
galvanometer circuit. 

Conclusions 

The portable oscillograph, which has been described, 
was designed to meet a large variety of general engi¬ 
neering applications. The following unique features 
make this instrument especially adaptable to such 
applications. 

1. Simultaneous viewing and photographing. 

2. A continuous time axis furnished by a small revolving mirror 
the speed of which is variable, 

3. A new type of galvanometer with electro-magnetic damping 
and high frequency response, 

4. An optical system which magnifies the galvanometer de¬ 
flections and which give a brilliant trace that can be observed in 
a brightly lighted room. 

6. A simple method of taking photographs similar to an ordi¬ 
nary camera. 

6. A large viewing screen for making tracings or for giving 
demonstrations to a group of persons. 

7. Simplicity, compactness, and ruggedness comparable with 
the average electrical indicating instrument. 

Although this oscillograph is a research develop¬ 
ment product, it will be made available in the near 
future in a form liiat will differ only in minor details 
from the instrument described. 

The author wishes to acknowledge his indebtedness 
to C. R. Hanna for many valuable suggestions in con¬ 
nection with the above development, to W. 0. Osbon 
who designed one of the earlier types of galvanometers, 
and to S. Sentipal for working out many details in the 
mechanical design. Credit is also due other members of 
the research laboratories and shop organization who 
have made contributions to this development. 


practically independent of temperature, and the fre¬ 
quency response characteristic is therefore more satis¬ 
factory than that of an oil damped galvanometor which 
at low temperatures may be over-damped and at higliAr 
temperatures imder-damped. 

In order to use a single galvanometer for maVing 
both c^ent and voltage measurements, the circuit 
shown in Kg. 9 was devised for use in the oscillograph. 
This circuit makes the galvanometer response inde¬ 
pendent of the resistance of the external circuit and also 
provides a simple arrangonent for making tap connec¬ 
tions on the shunt and multiplier resistors. When 
making current measurements, a small resistance hav¬ 
ing a number of taps is permanently shunted across the 
galvanometer. The taps give the desired current range 
and the. value of the shunt is such as to give the desired 
frequency response. It can be shown that this response 
is the same for any tap position. For making voltage 
measurements, another resistor is connected in series 
with the current circuit. This latter resistance has taps 


Discussion 

Everett S. Lees Mr. Oplinger’s paper describing a portable 
oscillograph makes it appropriate at this time for us to look both 
bac^ard and forward in the oscillograph art. The earliest 
design of oscillograph which we could find was that of Blondel’s 
in 1891, just 42 years ago. A later desjgn was of 1900, and one 
by Duddell of 1898. 

The first electromagnetic osciUograph of the General Eleetric 
Company was produced in 1904. For years this oscillograph was 
quite generally used until i'he advent of the permanent magnet 
plvanometer oscillographs a few years tkgo. Such a galvanometer 
is completely self-contained and is the element for all of these 
osciUographs, the popular 6-element osciUograph, the 2-element 
with large tracing screen, and the portable 2-element oscillograph. 
The portable 2-element design has been a most popular oscillo- 
^aph for the past three years, having been described before the 
iMtitute May 7,1930.‘ This is for viewing recording phenomena, 
with photography of the same obtained with the addition of the 
film holder, and for photographing transients with the continuous 
tove film holder using films 30 in. long at a variety of film speeds. 
The development of this continuous drive film holder as an at- 
tachment to this portable oscillograph has considerably extended 

1. See A New Portable Oscillograph, O. M. Hathawav A I E E Ii. 
Aug 1930, vol. 49, No. 8. pp. 646-649. «‘*>inaway. A.l.a.J!,. Jl.. 
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the field of usefulness of this instrument. Thi^ oscillograph is in 
the portable class as is the instrument described by Mr. Oplinger, 
though extending the photography range to include the photog¬ 
raphy of transients, which, it is the writer's understanding, the 
Oplinger design does not do. The galvanometers of this oscillo¬ 
graph are of the conventional oil-damped type, which permits the 
taking of accurate transient records. 

Tlie field of automatic oscillographs has been totally served by 
a design^ that looks different from the previously described instru¬ 
ments because it was designed specifically for automatic recording 
of transmission line performance and the like. In this field it 
has demonstrated its uniqueness. This i^ the most human of 
the oscillographs. It starts itself, due to a surge, and keeps 
going \intil the surge is reduced. It then stops and waits for 
another. It operates within Vi cycle of a 60-cyele wave, and 
produces an oscillographic record on bromide paper. 

The important field of cathode ray oscillographs must not be 
forgotten. DuFour was the pioneer in this art. In this oscillo¬ 
graph the moving element is a beam of electrons in an evacuated 
tube. One design is of the high-voltage type, looked upon mostly 
as a laboratory instrument, but in this form used in factory and 
field alike. On one of its most famous exploits it was taken into 
the mountains of Pennsylvania where the first wave form of a 
liglitning surge on a transmissipn line to be photographed in the 
United States was obtained. Another des^ provides a cathode 
ray oscillograph with a sealed evacuated tube for lower voltage 
work. The use of vacuum pumps has been eliminated, which is a 
boon to the operator. This feature will, no doubt, some day be 
extended to the higher voltage range for general purpose impulse 
testing which will considerably simplify the technique in this 
field. 

Wo all recall the poi^t-by-point plotting of wave forms, and 
bistruments are available that permit a curve to be traced simply 
by following the pointer of an indicating instrument by hand. 
We now have the photoelectric recorder^ to do this same thing 

2. An Automatic Oscillograph, O.M. Hathaway and R. O. Buell, Trans. 
A.t.E.E., March X932, vol. 51, pp. 222-226. 

3. The Photoelectric Recorder, O. W. LaPlerre, Trans. A.I.E.E., March 
a«»2, vol. 61, pp. 226-233. 

Also *‘An Improved Photoelectric Becordor," O. W. LaPierre, Gen, Elec, 
Reo„ vol. 36, No. 6. pp. 271-274. 


automatically with the hand replaced by a beam of light. Simple 
wave form records have been obtained with a photoelectric 
recorder in the form of, an ink record on a paper chart, thus 
eliminating photography. The obtaining of records directly 
without the need for photography will represent a most important 
advance in oscillography. The next few years should see this an 
accomplished fact. 

The many applications of oscillographs would fill many pages 
of the most interesting material. Records taken on bromide 
paper with the 6-element oscillograph with the continuous drive 
film holder are of particular interest.^ Records may be taken up 
to 100 feet in length. Such records show the performance of an 
electric locomotive over a 100-mile division. Each inch of record 
represents 16 rail lengths. On locomotive or ship, in factory or 
field, in laboratory or class-room oscillographs designed to fill 
a multiplicity of needs are being successfully used. 

Much of the electrical progress of the century has been due 
to the oscillograph. The achievement of making these designs 
avaiiable, the foresight in using oscillographs as an invaluable 
tool, and the opportunities for advancement disclosed through 
use, have all contributed to this progress. 

It would not be appropriate to close this discussion without 
referring to two men whose contributions to oscillography have 
been outstanding, the late Doctor L. T. Robinson of the General 
Electric Company and the late J. W. Legg of the Westinghouse 
Electric and Manufacturing Company. Both of these men have 
been taken from us and the art has been the loser. Men such as 
Mr. Hathaway and Mr. Oplinger are carrying on. Their ac¬ 
tivity compensates for this loss, which is the way progress works. 

Kirk A. Opliniier< The continuous drive film mentioned 
by Mr. E. S. Lee has been used on many different types of oscil¬ 
lographs for a number of years and it is planned to add such an 
attachment to the instrument described in the paper. This can 
be done simply by deflecting a portion of the light beam, just 
before it strikes the revolving mirror, upon a continuous film 
drive attachment. (See Fig. 3 of the paper). Since the deflected 
light will only be that portion which normally sweeps the sta¬ 
tionary film holder, the oscillograph may still be used for simul¬ 
taneous viewing and photographing. 

4, “Oonttnuous-Drlve Record Paper Holder for OscUlograph.,'' C. F. 
Fischer, July 1933, Vol. 36, No. 7, pp. 328-329. 
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T he expuMon protective gap is an outgrowth of the 
fused grading shield^ in which a fuse in series with 
a gap is connected in parallel with an insulator 
string to prevent the dashover of the string due to 
lightning. The essential elements of the expulsion pro¬ 
tective gap are shown in Fig. 1 and consist of a gap in¬ 
side a fiber tube whose length is such that flashover 
always occurs inside the tube across the internal gap. 
The function of the external series gap is to reduce the 
stress due to continued application of system potential 
to a value that will not allow carbonization of the tube. 
The tests made show that the external gap has little 
part in interrupting the flow of system current through 
the tube following a lightning discharge. 

Operation 

Unlike the fused grading shield the expulsion gap is 
capable of many operations without servicing since there 
is no fuse in the circuit to be replaced. During the 
operation of the expulsion gap pressure is developed 
within the tube which if too great will burst the tube 
and if too small allows the power arc to continue with¬ 
out extinction so that the tube eventually fails. Thus 
it is seen that the expulsion protective gap has a maxi¬ 
mum and minimum current rating. The established 
current ratings for expulsion protective gaps rated from 
18.8 kv to 230 kv are shown in Table I. Other current 
ratings covdd be provided but it is felt that those given 
will meet most conditions of service. 

For ratings 116 kv and below a single tube is used, as 
illustrated in Fig. 1, while two tubes are used in series 
for higher voltage ratings. The 138-kv tube used in 
most of the Glen L 3 m tests to be described laterwasof the 
two tube type discharging at the middle and at one end. 
The vents may be arranged to discharge the gases at an 
angle to the fiber tube if desired. Since discharge gases 
emerge with considerable violence from the vents in the 
tube and extend for considerable distance it is desirable 
to so mount the expulsion gap that gas or fiame from the 
line end of the tube cannot pome in contact with 
grounded metal structures or discharge from the ground 
end of the tube come in contact with live parts. 

Protection 

Table I also shows the number of insulators and 
point gap in inches which can be protected, indicating 
that most steel tower lines and probably all wood pole 
lines without bonded hardware have sufficient insula¬ 
tion so that protection may be secured with a good fac- 

‘Goiieral Electric Company, Pittsfield, Mass. 
tAmerican Gas and Electric Co., New York, N. Y. 
tElectric Bond and Share Co., New York, N. Y. 

1. For references see bibliography. 

Presented at the summer convention of the A.I.E.E., Chicago, 
JUinois, June 86-SO, 19SS. 


tor of safety. These data were secured from tests made 
on J^6,1 1440 and front of the wave tests in which the 
potentid rises at the rate of approximately 3,000 kv per 
microsecond. It sems probable that most of the opera¬ 
tions will be on the front of the wave since as a rule a 
tube would be located at the point of inception of the 
discharge on the line. 

Application 

The expulsion protective gap may be applied at any 
point where the minimum current is not less than the 
minimxun rating of the tube and where the maximum 
rating is not exceeded. If the insulation is equal to or 
in excess of that shown in Table I protection will be 
afforded. In general, ungrounded circuits on steel tower 
lines cannot supply suflicient line-to-ground curr^t to 
operate the espulsion gap properly if the phase-to-phase 
short-circuit current is to be interrupted also. 


Pig. 1—Expulsion 
Pbotbctivb Gaps 

1— Single tubes for 
use 115 kv and below 

2— Double tubes for 
all ratings above 115 
kv 

3— Showing use of 
horns and also means 
of directing discharge 




For wood pole lines where the insulation of the wood 
is available, the expulsion protective gap may be con¬ 
nected in parallel with each insulator and the insulator 
supports all connected together without making any 
connection to ground whatever. (Fig. 2a.) Thi^ 
arrangement will prevent line-to-line flashovers over 
the insulator and will make it unnecessary for the ex¬ 
pulsion gaps to extinguish the line-to-ground current 
except those few cases where power follow to ground 
takes place. Such a scbane is particularly adapted to 
imgrotmded circuits but may be used also for grounded 
neutral circuits, if desired. 

There is evidence from experience in service to indi¬ 
cate that if a circuit to ground is established at approxi¬ 
mately 2,000-ft intervals, there is little probability 
of lightning damaging the entire length of the inter¬ 
mediate poles. For those poles where a path to earth 
is to be established a wire may be extended down 
the length of the pole and tied in to the intercon- 
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TABLE I—EXPULSION PROTECTIVE GAP DATA 


Voltage ratings Short-circuit interrupting capacity ratings No. of 

---—— --- insulators 

Max. perm. Minimum Maximum Three-phase symmetrical (system) ' (5^ in.) 

Circuit line-to-ground current current ■ — - - protected 

rating voltage rms rms rms Min. kva Max. kva all waves 


Approximate 
rod gap 
protected 
spacing 
in inches 


13.8 kv 

23.0... 

34.5... 

40.0... 

09.0... 

92.0... 

115.0... 

13H.0... 

lOl.O.., 

230.0.. 


... 8.4 kv 

. . . 300 . 

. 9 Ann .... 

7,200 . 

_ 60,000 . 

. 1 . 

. 5 


1.000 . 

. 10,000 . 

. 24,000 . 

_ 240,000 



... 14.0 . 

. 300 . 

. 2,600. 

. 12,000 . 

_ 100,000 . 

. 2 . 

.7 


1,000 . 

. 10,000 . 

. 40,000. 

. 400,000 



21 D 

AOn 

9 .Ann 

. 36,000. 

_ 150,000 . 

. 2 . 

. 10 


1,200 . 

. 10,000 . 


. 600,000 



_ 28.0 . 

. 600 . 

. 2,600 . 

. 48,000 . 

. 200,000 . 

. 3 . 

. 13 


1,200 . 

. 10,000 . 

. 96.000 . 

. 800.000 



_ 42.0 . 

. 600 . 

. 2,500 . 

. 72.000 . 

. 300,000 . 

..... 4 . 

. 20 


1,200 . 

. 10,000 . 

. 146,000 . 

. 1 , 200,000 



_ 66.0 . 

. 600 . 

. 2,500 . 

. 96.000 . 

. 400,000 . 

. 6 . 

.27 


1.200 . 

. 7.500. 

.192,000. 

. 1 , 200,000 



. ... 70.0 . 

. 600. 

. 2,500 . 

. 120,000 . 

. 600,000 . 

. 7 . 

. 36 


1,200 . 

. 7,500 . 

. 240,000 . 

. 1.500,000 



_ 84.0 . 

. 000 . 

. 2,500 . 

. 140,000 . 

. 600,000 . 

. 9 . 

. 41 


1 . 200 . . 

. 7,500 . 

. 280,000 . 

. 1,800,000 



_ 97,5 . 


. 2,600 . 

. 167,000 . 

. 700.000 . 

. 10 . 

. 48 


1,200 . 

. 7,600. 

.334,000. 

. 2 . 100,000 





9. 5or) 

_240,000. 

. 100,000 . 

. 14 . 

.70 

.... 140.0 . 

1,200 . 

. 7.500 . 

. 480,000. 

. 300,000 




nection between the insulator supports and the three 
expulsion gaps. A fourth expulsion protective gap 
having a minimum current rating equal to the line-to- 




Pig. 2—^Diagram- 
MATiG Sketch 
Showing Use of 
Expulsion Pro¬ 
tective Gap on 
Wood Pole Line 

^.-JVVith no connec¬ 
tion to earth 
B—Connected to 
earth through expul¬ 
sion protective gap of 
lower current rating 


ground follow current expected may be inserted m the 
down the pole. (Fig. 2b.) To as^ disch^ge 
through the tube the expulsion gap plus its comiectmg 


lead should span a length of pole equal approximately to 
three times the equivalent gap of the expulsion pro¬ 
tective gap. 

With such a multiplex arrangement the expulaon 
gaps in parallel with the insulators must be able to 
interrupt the phase-to-phase short-circuit current while 
the tube in the ground circuit would only need to be 
able to interrupt the ground current. This multiplex 
arrangement is not readily adapted to circuits on sted 
towers, because it is of course necessary that the 
insulator support be free from ground. 

On voltage grounded neutral circuits on wood 
using H frame construction the emulsion protective 
gaps may be mounted as shown in Fig. 8 with the metal 
support for the expulsion gaps grounded. Where ground 
resistances are high the circuits of Pigs. 2a or 2b may be 
used 

If the circuit is on steel and has a ground wire it is 
probable that in most cases an expulsion gap will be 
found with the proper maximum and minimum current 
ratings, but if no ground wire is present tower groimd 
resistances may in some cases be so high as to limit the 
current to a value which a tube, smtable for phase-to- 
phase opo-ation, could not ectinguish. In such a case 
it may be expedient to lower the ground resistance. 

Two methods of mounting expulsion protective gaps 
in towers are shown in Fig. 3. The circuit on the Idt 
side of the tower makes use pf two tubes mounted on the 
insulator string, while the circuit on the right employs 
expulsion gaps mounted on the am bdow. 

From the point of view of preventing interruption to 
service due to lightning it is believed that the expulsion 
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gap will give a performance equal to that expected of the 
ground wire, with low tower footing resistance, with per¬ 
haps the exception of the direct stroke to midspan. K 
ground wires are provided it is not necessary to ^ve low 
tower footing resistance if the expulsion protective gap 
is used. On the other hand, if ground wires are not used 
the tower footing resistance must be low enough to per¬ 
mit sufficient current to flow to operate the expulsion 
gap. Economics and the service performed by the ex¬ 
pulsion protective gap will determine its place among 
the various schemes of protection of transmission lines. 



When the factor of safety between the expulsion gap 
and the line insulation is not great, as in the case of steel 
tower lines, an expulsion gap on one tower will not offer 
any appreciable protection to insulation on adjoining 
towers. However, with wood pole lines where the insu¬ 
lation may be high, the expulsion gap will offer con¬ 
siderable protection to insolation on adjacent structures. 
This means that on wood pole lines considerable im- 
provem^t may be expected if the gaps are installed on 
alternate structures, although equal performance on the 
sted tower line probably would require a gap on each 
structure. Service experience indicates a considerable 
d^ree of protection at distances as great as 1,000 ft to 
2,500 ft on H frame lines. 

■\^en the gap operates on high current near its upper 
limit there is a certain erosion which increases the bore 
of the tube, and which has the effect of increasing both 
the high and low current rating of the tube. The amount 
of erosion is such that the life of the expulsion gap will 
generally be limited by its weathering rather than by the 
results of electrical discharge. As the result of discharge 
there is some burning of the electrodes also but this is 
not sufficient to result in any appreciable inCTease in 
gap length throughout the life of the tube. 


It is possible that some of the lower current rated 
tubes may be destroyed by the severest of direct 
strokes, although these tubes have withstood, with no 
distress whatever, the maximum laboratory impulses 
which we have been able to produce. 

Field Tests on 138-Kv Expulsion Protective Gaps 

The performance of the expulsion protective gap 
having indicated, on laboratory tests, its ability both to 
protect insulators against lightning flashover and also 
to interrupt power current, it was juranged to conduct 
staged field tests with the. device on a 182-kv system 
where it would be called upon to interrupt short-circuit 
currents on an operating astern fed by a large kva 
generating capacity. These tests were made in Septem¬ 
ber 1932 at the Glen Lyn, West Virginia generating 
plant of the Appalachian Electric Power Company, 
representatives of the American Gas and Electric 
Company, the General Electric Company, and the 
power company cooperating in the work. 

System On Which Tests Were Made. The one line 
diagram of the 132-kv system at Glen Lyn, where the 
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tests were conducted together with the outgoing lines 
tying in with the American Gas and Electric Company 
interconnected 132-kv system, is shown in Pig. 4. The 
range of short-circuit currents (one phase to ground), 
possible at Glen Lyn, under different generator capacity 
at Glen Lyn and different switching arrangement of 
lines, was from 570 to 3,100 amperes symmetrical rms. 
Purtho- calculations showed from 50 to 75 per cent 
of this current was supplied by the Glen Lyn machines. 
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the balance being supplied from the interconnected 
system. 

Description of Expulsion Protective Gaps Tested. The 
expulsion protective gaps tested were of the dedgn 
shown in Kg. 1. Both single and double internal gap 
assemblies were used, the majority of the tests, however, 
being made on the two internal gap design. Provision 
was made to alter the length of internal gaps, tube 
diameter, and method of venting the tubes as the testing 
progressed. The overall length of the double gap tube 
exclusive of the arcing horn was approximately 7 ft, 
and of the single gap tube 5 ft. 



Pig. 6—^Exphi,- 
sioN Pkotectivb 
Gap Setup fob 
Tests at Glen 
Lyn 

70 kY to ground. 
2,850 amp crest. Test 
No. 20. Expulsion gap 
is shown discharging 
through metal tube 
extensions for direct¬ 
ing the discharge 


Field Test Setup. For convenience of handhng and 
observation, the tube assembly was mounted rigidly on 
a wooden post, with the bottom end of the tube 
grounded and about 8 ft above the ground. At the top 
end of the tube an external gap of approximately 10 in. 
(to the line conductor) was provided. The tube was 
mounted about 30 degrees to the vertical, which was the 
position considered if the tube later were actually in¬ 
stalled permanently on the steel transmisaon towers, 
similar to that illustrated in the right of Fig. 3. The 
tube setup taken during one of the tests is shown in 


Fig. 5. In this illustration the expulaon gap is shown 
in its normal position, although for most of the tests the 
tube was inverted in order that the internal tube pres¬ 
sure at the normal line end of the tube might be 
measured. The pressure recorder is protected by a 
metal hood in the illustration. 

Since impulse voltage was not available for breaking 
down the internal and external gaps on test, these gaps 
were short-circuited with 12 mil lead-tin fuse wire, and 
in test No. 41 three strands of this wire were used in 
parallel. While the presence of this wire in the internal 
gaps may not have serioudy interfered with the normal 
performance of the tube in clearing the power arc, the 
existence of metallic vapor in the arc, due to the 
presence of the fuse wire, would tend to increase the 
po^ibility of the expelled gases cau^g a power are 
outside the tube to grounded structures. 

The short-circuit power arc in the tube simulated 
conditions which will occur at the time of lightning 
discharge through tiie tube when applied to protecting 
a transmission against lightning outages. There was 
produced, in every ease, a single-phase (76-kv) short cir¬ 
cuit through the tube to ground, the current being 
limited only by the reactance of the generators and line 
on the circuit, and the station ground resistance of 0.26 
ohms. 

Forty-one tests were made in all, forty with a setup 
aimilitr to Fig. 5, and one with the tube mounted in a 
tower. Nine different combinations of tubes, internal 
gaps, and methods of venting w&e used. The tests 
included combinations of assemblies which were be¬ 
lieved not only to be within the limits of rating of the 
tube, but also weU outside the tube rating to determine 
the current breaking limits of the tubes, and to study 
the various factors affecting them. 

Test Data and Results. The summarized test data are 
given in Table II. The important points brought out 
in these tests are as follows: 

1. Crest power currents as low as 616 amperes and as 
high as 6,700 amperes were broken successfully jon a 
132-kv drcuit (76 ft to ground) by the protective];gaps 
in a time of from 0.37 to 0.88 cycles (based on 60 cydes 
per sec) without causing the oil drcuit breaker to open. 


TABLE XI-aUMMABIZBD TEST DATA ON 18 S-KV EXPULSION PEOTBOTIVE GAPS 

Field Test at Glea Lyn 


Test No. 

Glen Lyn 
generator 
kva 

Miles of 
line from 
CUen Lyn 

Calculated 
sym. rms 
s.c. amps^ 

Measured 
crest amps, 
interrupted 

Duration 
of current 
cycles* 

line 

tripouts 

Tube 

failures 

O.O.B. 

tripped 

1. 

2-10. 

11-12^. 

. .25,000.. 
..31,250.. 

. .56,250.. 

. 0. 

.130. 

.130. 

.... 670. 

.... 660. 

.... 670. 

1,230 

. 616 to 1,300.. 

, 1,100 to 1,300.. 

O ARA 9 

. 0.74 

.0.41 toO.78^ 

.0.53 to 0.70.. 

0 49 to 0.88.. 



.. .No. 

.. .No. 

.. .No. 

.. .No. 

13-23^. 

-M-40* . 

4lfi. 

. .56,250.. 

. .56,250.. 

. .66,250.. 

. 0. 

. 0. 

... .1,460. 

....3,100. 

....3,100. 

. .4,UOU W sS,oOU. . 

. .2,600 to 6,700.. 
6,900 

.0.37 to 0.69.. 

. 0.66 

.0. 


.. .No. 

.. .No. 


• Symmotrlcal rms short-circuit amperes calculated from system setup. 

'Il^ono test^^*^*2”'4.6. and 8.0 cycles. Arc restruck In one case IH cydes after clearing In 0.78 sac. 
^Two single Internal gap tubes included in this group. 

®Tbis test on tube mounted on a line tower. 
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2. These short-circuit currents were in every case 
broken by the gaps on the first major zero point of the 
current wave except in four cases. In 1 of these cases 
the arc restruck cycles after clearing 1,270 crest 
amperes but immediately cleared again in 0.36 cydes, 
the crest current on the second dealing being 470 
crest amperes. In the other 3 ceses where the arc was 
deared in from 2.5 to 8 cycles, the interrupted cmrent 
was outside the tube rating as was predicted before the 
test was made. 

3. The general design of the tube, as regards internal 
gap spacing, diameterj tube length, mechanical strength, 
and 60-cycle dry flashover appears to have been carried 
out in a manner which indicates the tube performance 
in service can be predicted with a reasonable assurance, 
and that it can be applied successfully to lightning pro¬ 
tection of 132-kv lines. 

4. The only tube which failed on test had an internal 
gap setting longer than is considered practical, in com¬ 
bination with the extmial gap, for protection of a 132- 
kv transmission line. Even in the case of this tube 
failure, where the tube burst, the short drcuit was 
cleared by the tube, and the circuit did not trip. 

5. The maximum measimed pressure inside the tube 
at the time of discharge was 7,000 lb per sq in. This 
indicates that consideration must be given, to the 
balancing of the gas discharge paths to prevent undue 
stress and distortion of the tube and its mounting hard¬ 
ware, when the tube is applied practically to a trans¬ 
mission line. 

6 . The performance of the expulsion gap does not 
appesu* to be affected appreciably by conducting the 
discharge gases from the tube through a length some 12 
in. to 18 in. of pipe, and even by changing the direction 
of gas flow by 90 degrees. This feature may be of con- 
sidCTable practical importance if, in certain applications 
of the expulsion gap, it becomes necessary to discharge 
the gases directionally or away from live circuits. 

7. The proximity of grounded structures to the path 
of the dischai^e gases, which caused some concern be¬ 
fore these tests were made, does not appear to be as 
serious as at first believed. During tiie tests a grounded 
metal plate was located 4 ft from the center discharge 
vent, and later at distances of 3 ft and ft, without 
causing circuit flashover or affecting the tube per¬ 
formance. 

8 . In the one test made on an expulsion protective 
gap moimted at a line toww, the short circuit cleared 
successfully, and without the discharge gases affecting 
any of the other phase wires of the circuit under test, 
or the phase wires of the other circuit which was alive 
and carrying load at the time. When the test circuit 
was cleared, after this test, the tube functioned again, 
indicating that the line switching surge had suflicient 
voltage to flash over the external gap in combination 
vdth the internal gaps. It is proposed to prevent this 
kind of abnormal operation by increasing the external 
gap, which can readily be done. 


9 . The maximum number of times any one tube in¬ 
terrupted short-circuit current on these tests was eleven. 
This under normal service conditions on a line, might 
correspond to a number of years of actual service. After 
the 11th test the tube was carefully examined and no 
visible deterioration was obs^ved beyond a slight in¬ 
ternal erosion. While no information is available as to 
the ultimate life of the tube in service, it appears at 
present that this feature will not retard the practical 
application of the tube for lightning protection. 

10 . If fast relays are employed, the relay time will 
have to be increased on circuits where expulsion pro¬ 
tective gaps are employed to prevent the circuit relay¬ 
ing out. On this group of tests, relay targets (showing 
relay plungers had moved to a point sufficient to set 
the target) showed in 38 of the 41 tests. In 10 of the 
tests, the fast relays actually closed, tripping the cir- 
ctut, although the short circuit had actually been cleared 
by the expulsion gap as evidenced by the oscillograms. 


Fig. 6—Expul¬ 
sion Protectivb 
Gap Operating 
IN Inverted Posi¬ 
tion 

76 ky to ground. 
6.700 amp crest. Test 
No. 26 



Typical tube operations at the time of tube function¬ 
ing are shown in Pip. 6 and 6. The corresponding 
power currents interrupted are shown in Fig. 7, test 
Nos. 20 and 26. 

Pig. 6 shows the expulsion pp with middle vents 
restricted by two 1-ft pipes and bottom vent restricted 
with a 90 degree elbow and a 1-ft pipe, successfully in¬ 
terrupting in 0.66 cycles 2,850 crest amperes (single¬ 
phase to pound) short-drcuit current on the 132-kv 
system. A medium discharge is visible from the middle 
and bottom vents. The arc at the top of the tube is the 
power arc in the external pp. The record of short- 
circuit current on this test is shown in Fig. 7, test No. 20. 

Pig. 6 shows the test of an expulsion pp without the 
restricting vents, breaking 6,700 west amperes. The 
tube on this test has been mounted with the normally 
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grounded discharge end on the line side (for convenience 
in measuring internal tube pressure). The conical dis¬ 
charge at the top, therefore, normally would discharge 
at the ground end, away from the insulator string where 
it would cause no hazard to insulator flashover. This 
picture, being taken at night, shows the discharge more 
plainly than the somewhat lighter discharge shown in 
Fig. 5. The oscillogram of current interrupted is shown 
in Fig. 7, test No. 26. 

The expulsion gap was mounted on a tower, and suc¬ 
cessfully discharged a crest current of 5,900 amperes. 
The current record is shown in Fig. 7, test No. 41. 

nummary of Field Teats. While this series of field 
tests on the expulsion protective gap was not extended 
to determine all the limiting factors and to just what 
extent they are involved in the design and performance 
of the tube.s, sufficient data were obtained to indicate 
that the tube, in its present state of development for 
132-kv lines, deserves serious consideration as a practi¬ 
cal device in rendering a transmission line lightning 
proof. 


On the 3 pole angle structures the expulsion gaps were 
placed in the protecting horn gaps which were installed 
on the poles with the original construction for protecting 
the long wood guy insulators. This method of mounting 
has the disadvantage that insulator flashover occurs, 
whereas it would be preferable for the flashes to be 
direct from the conductor to the ends of the tubes. 
Such a design would relatively be simple though usually 
it would be necessary to compensate for variations in the 
conductor position. 

The operating results soured on this 28-mile line 
have been very illuminating as well as successful. 
Originally the drain points were spaced at about 2-mile 
intervals, part of them employing conventional expul¬ 
sion fuses and part expulsion gaps. Several successful 


SlSItVICH Expbbibncb 

Much of the operation experience to date has been 
secured by the Arkansas Power & Light Company 
on 110-kv lines. Unfortunately few new lines have 
been constructed during the past three years, few im¬ 
provements to existing construction have been under¬ 
taken and research ha.s been correspondingly curtailed. 
The amount and range of experience data are, therefore, 
much more limited than normally would have been 
expected or should be available if the expulsion gap 
could have been adequately developed and its merits 
fully realized. 

Camdcn-MagnoUa 110-Kv Line. Probably the earliest 
installation of expulsion gaps (then called arc inter¬ 
rupters) was on the Camden-Magnolia 110-kv line of 
the Arkansas Power & Light Company.^ These gaps 
were manufactured in the field by using blown expulaon 
fuse tubes. One end wa.s closed by a metal cap and into 


TEST NO. 20 
2,650 AMP 
CREST CURRENT 


Fia. 7 —Typical 
O sCILLOOnAMB OF 
Voi^TAGB (70 “Kv 
Rmb)andCuekbnt 




TEST NO. 26 
6.700 AMP 
CREST CURRENT 


mmm 


6,900 AMP 
CI^ST CURRENT 


the open end was inserted a wire electrode of such length 
that the internal gap in the tube was approximately 80 
per cent of the length of the fiber. For the 69-kv tubes 
used on this 110-kv line the length of fiber is 44 in., 
length of internal gap 30 in., and bore 5/8 in. 

The methods employed for mounting the expulsion 
gaps are illustrated by Figs. 8 and 9. On the two pole 
structures the gaps are clamped to a light channel by 
means of U bolts, the channel being grounded. The air 
gap between conductor clamp and end of the tube is 6 
ft. The 7-ft crossarm and 12-ft section of pole are in 
series with the 6 insulator units. This arrangement does 
not provide a very great margin for lightning fl^hover 
by the expulsion gap route as compared with the 
insulator, crossarm and pole section,® however, it has 
functioned successfully since crossarms and poles have 
not been damaged. 


operations were recorded without corresponding line 
tripout. Flashovers phase-to-phase and to pound oc¬ 
curred between drain points though the full insulation 
in the poles and erossarms was utilized. In 1980 on 
the central 9-mile section of the line, all guys and 
drain points were removed in order to secure the 
rngviTYn iTn ligh tning insulation possible for maldng 
lightning voltage measurements.® On the two end sec¬ 
tions the spacing of the expulsion gap installations was 
decreased to one mile, then to one-half mile in the same 
year. During the 2H yeaJfs since, the expulsion gaps 
on the protected sections are credited witii 21 success¬ 
ful operations without line tripout and 2 failures to 
function have occurred. 

Waiemlh-Arlington 110-Kv Line. The second ex¬ 
perimental installation was in 1931 on a lO-mile section 
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of a 60-mile line of the Tennessee Public Service Com¬ 
pany. In the original construction of the line, 24-ft 
wood guy insulators were employed and pole protecting 
horns were installed on each structure. This extremely 
high lightning insxilation has not been effective in re¬ 
ducing the number of flashovers* and the application 
of expulsion gaps indicates the greatest promise for 
effecting improvement. Expulsion gaps are installed on 
about every third structure as it had been learned from 
the experience of the Arkansas Power & light Company 



Fig. 8—115-Kv 
Expui£ion Pbo- 
TBCTiTB Gaps 

Oamden-Magnolia 
line. 5-ft series gaps 


as well as other observations, that on H frame wood 
construction, lightning can be expected to travel as 
much as 1,000 ft to 1,500 ft to discharge at relatively 
low insulation drain points rather than flashing the 
entire length of the pole and crossarm at intermediate 
structures. These installations are also similar to Pigs. 
8 and 9 except that on the two pole structures the gap 
in series with the expulsion gap is 2 ft instead of 6 ft. 
Also the pole grounding wire is extended as a bayonet 
above the poles to protect the crossarms and poles from 
direct strokes to the structure. 

In the IJ^ years 4 operations have been recorded 
only 1 of which is credited as being successful. In 
8 cases tube failures occurred which were not entirely 
unexpected as the three-phase symmetrical short-circuit 
kva was approximately 500,000 kva and the tubes 
would probably be rated more nearly one-half of this 
value. However, the installation is experimental and 
that is one of the things dedred to be learned. Ground¬ 
ing resistance values are high on this particular line, 
generally limiting the single phase-to-ground fault 
currents to a fraction of the phase faults. For success¬ 
ful application of expulsion gaps it, no doubt, will re¬ 
quire a combination of high interrupting capacity phase 
gaps and. low interrupting capacity grounding gaps as 
illustrated by Fig. 2b. 


Carpenter-Pine Bluff 110-Kv Line. In October, 1931 
the Carpenter-Pine Bluff 65-mile line of the Arkansas 
Power & Light Company was placed in service. In 
order to secure as positive a demonstration as practi¬ 
cable of the merits of the expulsion gap and drainage 
scheme, gaps were installed on every structure. One- 
half of the line employs series gaps of 5 ft and the 7 ft 
crossarm and pole section as illusti^ted by Fig. 8, the 
othCT half, a 2-ft series gap and the crossann. The angle 
structures are dmilar to Fig. 9. Again the expuldon 
gaps were made up from conventional expuldon fuse 
tubes with the upper end capped and the electrode in¬ 
serted into the open lower end. 

The operation of this line has been quite successful. 
During one year the expuldon gaps have been credited 
with 10 successful operations and 4 failures. In three 
instances the tubes failed, either skyrocketing out of the 
U bolt clamps or bursting. In the fomth case a 
structure evidently was struck by lightning resulting 
in a flash along the crossarm. 

The failure of the tubes was asaibed to insufficient 
interrupting capacity and to the obstruction to the 
opening by die lower dectrodes, also to the paper wads 
used as operation indicators. The electrodes dnce have 
been replaced with smaller wire and cork indicators 


Fig. 9—115-Kv 
Expulsion Pao- 
TBCTiVB Gaps 

Oamden-Magnolla 
line. Angle sliructure 



substituted. Since these changes no tripouts of the 
line due to lightning have been recorded in 7 months’ 
operation though lightning storms over the line have 
occurred. However, an lamination of the gap opera¬ 
tion indicators had not been made. 

Further development of the device indicates it 
would have been prefa^ble to leave the lower end of the 
tube open and attach the long electrode to the cap as 
illustrated by Fig. 1. Another scheme being experi¬ 
mented with as an indicator is to bend a light lead strip 
across the open end of the tube. 
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Pirn Bluff-hUtle Rock llO-Kv Line. Another 110-kv 
45-mile line of the Arkansas Power & Light Company 
with expulsion gap installations at about one-half mile 
intervals has not performed as well as the two lines 
described. On this line failures of the tubes and their 
mountings have been more numerous. These also have 
been improved and better performance is indicated. 
Six tripouls occurred in about two-thirds of a lightning 
season, though tibout, twice this many would be ex¬ 
pected based upon the record for the line during pre¬ 
vious yetirs and ot her lines in 1932. 

13.H-Kv IniitaUation. Only a very limited applica¬ 
tion of expulsion gaps has been made as yet in the lower 
voltages. The possibilities for accomplishing improved 
line performance by the use of gaps is perhaps even 
greater in this chiss of construction than for the higher 
voltage transmission lines. Particularly is this the case 
since overhead ground wires {ire hardly applicable on 
account of the high lightning insulation and other 
features retiuired for their succes.sful operation. Fig. 10 



illustrates a typical experimental 13.8-kv installation of 
the Dallas Power & Light Company. No operating 
experience had been secured at the time of preparing this 
paper, from this or the few other installations which 
were made in 1932. 

Results 

The results indicate very definitely that the expulsion 
gap properly developed and applied has great promise 
for minimizing line tripouts due to lightning. Particu¬ 
larly would they seem applicable on wood construction 
and on lines where conditions are not favorable to the 
functioning of overhead ground wires. Considerable 
improvement in performance is indicated on wood lines 
with expulsion gap installations spaced 2,000 ft to 3,000 
ft, provided very high lightning insulation is maintained 
phase-to-ground and phase-to-phasse at all intermediate 
structures. On steel or bonded and grounded hard¬ 
ware construction, gaps will be required at every strucr 
ture to be effective. The insulations which can be pro¬ 
tected should be about as shown by Table L Reasonably 
accurate knowledge concerning minimum as well as 


maximum fault currents are essential and in many cases 
it may be necessary to use the multiplex scheme as 
illustrated by Fig. 2 b. 

Operation of the expulsion gaps is extrwndy rapid 
and with the application of high speed rdays it will 
be necessary to introduce possibly 3 or 4 cycles to 
permit of gap operation without relay action. 

Expulsion gaps as at present developed with their 
series air gaps are not generally applicable for the pro¬ 
tection of conventional substation and apparatus insu¬ 
lations. It should be noted, howevCT, that the magni¬ 
tude of the lightning voltages transmitted to stations 
can be limited to rather low values, by the use of ex¬ 
pulsion gaps. 

During the experimental stages in the application of 
expulsion gaps some simple means for detecting opera¬ 
tion of the tubes is advisable in order to secure depend¬ 
able experience data. A flexible metal target is now 
available which gives an indication when the tube has 
functioned. 
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Discussion 

L. V. Bewley I This discussion i s concerned primarily with the 
effect of tower footing resistance on the operation of the expul¬ 
sion protective gap. These gaps have an upper and a lower 
current limit; in the present designs the span of those limits being 
from about 4:1 to 10:1. Tt is therefore essential to select gaps for 
a given system such that: 

1. The TnaviniiiTn system short-circuit current is less than the 
upper limit of the gap, for if it exceeds this limit the gap is liable 
to burst. 
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2. The current permitted by the tower footing resistance is 
greater than.the lower current limit, for if less than the minimum 
value the follow current will be insufficient to extinguish the arc, 
and a circuit interruption will result. 

3. The number of gaps involved by a single lightning discharge 
shall be limited by the tower footing resistance so that the cur¬ 
rent per gap delivered by the faulted system will exceed the 
minimum current rating of the gap, and therefore extinguish the 
arc. 

From the last two considerations it is seen that the tower 
footing resistances may play a vital part in the proper functioijing 
of the expulsion gap, and they cannot be neglected; although it 
is by no means necessary to reduce them to the low values re¬ 
quired for an effective ground wire installation. 




In Fig. 1 there is shown the effect of tower footing resistances 
and subsequent gap sparkover in limiting the wave crest on a line 
eq\]^ped vdth expulsion gaps. The successive reflections that 
coii^titute these waves may be calculated by means of the lattice 
given at the top of the figure. It is evident that the gaps on 
adjacent towers will flash over in succession as long as the ad¬ 
vancing wave crest exceeds their sparkover value. Therefore, 
in order to limit the number of gaps involved by a single light¬ 
ning wave, the tower footing resistance must be kept witlw 
boimds, for otherwise the follow current per gap will not be 
sufficient to clear the arc. If the lightning bolt surge impedance 
is Zo, the incident wave of the stroke is Cq and the footing resis¬ 
tance R, then at the nth adjacent tower at which a gap fiashover 
occurs the advancing wave crest is reduced to 


V (RI) 


/ 2R \ / _ 2ZReo 

\ 2R Z } \ ZqZ H“ {2Zo H“ Z')R 


When this becomes less than the minimum voltage V at which the 
gap will spark over with the type of wave involved, no more gaps 
will flash over. The total number of gaps involved (counting both 
ways from the stricken tower) is therefore (2n + 1). 

The above equation has been plotted in Fig. 2. For example, 
in an extreme case if co = 10 X 10®, F « 1 X 10®, and R « 600 
ohms then 13 gaps will be involved. The number of gaps per¬ 


mitted to spark over for a given lightning stroke should be less 
than the ratio 

( maximum current rating of gap 
minimum current rating of gap 

In most practical cases not more than 3 adjacent gaps will be 
simultaneously involved. 

In the neighborhood of the station it is advisable to reduce the 
tower footing resi^^tances to very low values—of the order of a 
few ohms—^for by so doing the duty on the station protective 
devices w^U be minimized. 

V. M. Montsinders The writer discusses the expulsion gap 
from the standpoint of coordination of station apparatus. It 
should be remembered that the expulsion protective gap is in¬ 
tended for the protection of line insulation against outages and 
not as a protective device to station apparatus. Even the co¬ 
ordination gap should not be looked upon as a protective device, 
because its impulse voltage level is not really low enough for this 
purpose. The real function of the coordination gap is to serve as 
the last line of defense in case the real protective device, like the 
lightning arrester or overhead ground wire, should permit a 
dangerous voltage to get by. Therefore, for the expulsion gap 
to serve as a protective device it must meet two requirements 
which up to the present time it does not appear to meet. First, it 
should be capable of keeping the incoming impulse voltage con¬ 
siderably below the coordination gap level, and second, it should 
be absolutely reliable and fixed in its fiashover characteristics. 



With reference to its impulse level, referring to the right hand 
column in Table I, it will be found that the rod gap spacings pro¬ 
tected by the expulsion gap are in every case higher than the 
coordination gaps recommended by the Transformer Subcom¬ 
mittee. The difference ranges from 6 M to 18 per cent, with an 
average of about 10 per cent. 

With reference to its reliability, as pointed out in the paper, 
the present design of expulsion gap has several limitations. If 
the current is too large it blows up. After receiving a certain 
number of shots it wears out. There is no certainty then that it 
will maintain its original fiashover characteristics. 

Not realizing the limitations of these expulsion gaps someone 
may attempt to use them in establishing coordination of station 
apparatus. While it might be found possible to develop an ex- 
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pulsion Kiip of tlio same impulse level as the coordination gap 
yet until one can be worked out to the same degree of reliability 
and sturdiiu'ss us a rod gap or ring gap it would not be suitable 
to take the plae(» of the ctiurdinatiou gap. Or, if the insulation 
level of the station apparatus should be higher than the standard 
level by 10 ptu* cent (»r in4)re, it may be proposed to use the ex¬ 
pulsion gup as a coordinat ion gap. Again, this is contingent on 
iuiving a gap that will not change in its flashover values. 

In summing up lluui, the expulsion gap can not be used either 
ns a prott»etive device to station atijiaratus or as a regular co- 
onlinationgap. 

A, M* Opsahh IhdVrring to Table I of the paper, the writer 
asks Mic autht»rs what <lata were used in arriving at the maxi¬ 
mum and minimum current rating. Were those tests made on a 
laboratory circuit where Uny current is limited very largely by 
reactance without any shunting n^sistauco to stimulate the effect 
of a lim*? Do thesis cmrrenfc values give the maximum and the 
minimum symmetrical eummt values for which the equipment 
was luijuspal or is tU(» maximum value the full unsymmetrical 
value of currtmt. that the unit will interrupt? 

It s(Hun.s tluit there is an inconsistency in the table of insula- 
ti<m whi(?h i\u\ autlwirs state the units will protect. For instance, 
in the ll5-kv rating, a 35-inch rod gap and 7 of the 5% spaced 
Huspemsion imsulators turn be protected. If negative impulses or 
surges ar<j ussunu'd these 2 will Hash over at very much the 
same value*. lIowe.vt»r, on positives surges, the 35-mch rod gap is 
equivalent ti) about 0 <»f the suspension insulators, or if 7 of the 
Huspemsion insulators arc* requinsl, it would bo necc^ssary to have 
approximately a 43-inch rod gap to give equivalent llashovor. 
Is the .suspension insulait^r string the measure of the flashover 
v(diuge of ilH*ip protector or is the Hn-incU rod gap the mea.sure 
of the protection which the unit will afford on both positive and 
negativ<4 wave? 

Philip iSporns Since the largest number of line faults on 
modern high vollag<» lines are dm^ to the efloc^ts of lightning, any 
imuuiH of redtu'ing the duration of tlume fanlta to a time below 
that r 4 «|uired for a circuit hreakc*r to open will of necessity better 
line peiformanef^ as it aiTofds voltage conditions on the line, sys¬ 
tem stability, and uninlcrrupte<l service. 

While laboratory and fleld tests on the expulsion protec.tive 
gap hav 44 not been <*arri(*d to the j)omt of obtaining complete 
knowliwlge of tJie gap perfonnauce under all <?unditions, these 
tests do indicate that the gap is <?apable of supplying a very high 
degree of protection against line ilasliovir ami also a reliable 
means of interrupting fault currents on an actual power system, 
if properly applied. Wludher the e.xpulHion j>rotoetive gap, as at 
present (lesigned, will stand up in service when subjected to 
wciatlujHng and the chuneuls can only be <leternimed by ex- 
j)erienee. 

The pnfliminary tests on tlu? 132-kv expulsion protective gaps 
gave such promise that it was decided this year to make an 
experimental installation of these gaps on one of the linos of the 
American Gas and Ele<*tric Company. The fl«5-inile, 2-eircuit, 
st(Kil hJwer Glenlyn-Hoanoke line was chosem for the installation. 
The gaps are lujing in.stalkal on all tliree phases of one circuit at 
each tow'or. This installation is now in progress; and it is ex¬ 
pected it wilt be completed in time to obtain considerable ex- 
perien<?e with the gaps during the present lightning season. 

The physical application of these expulsion iiroteotive gaps 
to all insulator aHH<!mbUeH of a 132-kv transmission line becomes 
a r(»al problem. Ri»fer(m«e to Fig. 3 of the authors* paper indi- 
cate.s (on the right-hand side of the illustration) the complica¬ 
tions involved in mounting the gaps on all three phases of the one 
circuit. 'I’he actual structural details of the mounting, as well as 
alterations njquired in the tower strmsture become rather com¬ 
plicated. Besides the prohlem of complications involved in 
applying the protective gap.s to the line, there is also the problem 
of keeping a tower structure clear and open for purposes of line 
msxmetion, maintenance, and repair. The cluttering up of a 


tower itself witli additional structural members as well as the 
protective tube gap itself may well prove a hazard exceeded only 
by the hazard the installation of the tube is intended to remove. 
Considerable thought must, tlierefore, be given to the application 
of these expulsion protective gaps to a high voltage line. 

A careful study of installation details was given, in considering 
tlie protective gaps for the Glenlyn-Roanoke line, with the 
result that a scheme was developed for mounting the gaps on the 
insulator liardware and assemblies, independent of any mechani¬ 
cal support direct to the tower structure. The advantages of 
mounting the expulsion protective gaps in this manner will be 
apparent to any one having any close connection with the opera¬ 
tion and maintenance of transmission tower structures. Later 
on, an arrangement as shown in Fig. 3 (left-hand illustration) of 
the authors’ paper was worked out. 

In the actual fleld installation of expulsion protective gaps 
now being made on the Glenlyn-Roanoke 132-kv line, 3 methods 
of gap mounting are being used; first, the single angle mounting 
of tihe gap on the structure, second, the mounting of the gap on 
the insulator assembly, and third, a modification of this second 
design sliown in Fig. 3 where the gap is mounted in 2 parts on 
the insulator assembly. The purpose of using all 3 methods of 
mounting the protective gaps was to determine, from the very 
start, the actual operating perfonnauce of the 3 types of mount¬ 
ing and their relative advantages and disadvantages. 

TJie operation of this installation of 132-kv expulsion pro¬ 
tective gaps on the Glenlyn-Roanoke line will carefully be 
watched not only from the point of view of the performance of 
the tube in protecting tlie line against lightning flashover and 
interrupting power current, but also the tube’s ability to with¬ 
stand weather, the elements, and the best way of mounting it. 
Succosaful operation of the expulsion protective gap in actual 
service over a period of time, will, it is believed, be a distinct 
step forward in applying practical lightning protection to high 
voltage lines, and particularly, to lines in heavy lightning terri¬ 
tory or in territory of high ground resistance, 

L* L. Perry* The service records of tlie 132-kv lines of ,the 
system as discussed by Mr. Sporn, show very clearly that light¬ 
ning in some localities is a much greater hazard than in others. 
Hence, in the worst lightning territory, devices like those now 
on trial may prove to be decidedly economic, whereas the same 
devices may bo elsewhere—say on the western mountain slopes 
of California, extravagant and hazardous. 

Howard S. Phelps* Where the use of expulsion protective 
gaps is being considered serious attention must be given to the 
warning given in the paper where it is stated that “during the 
operation of the expulsion gap pressure is developed within the 
tube which, if too great, will burst tlie tube and if too small 
allows the power arc to continue.” These limitations are es¬ 
pecially important in the ease of systems where different switch¬ 
ing set-ups permit supplying energy to a given point from dif¬ 
ferent sources or even the same source but over different routes. 
Obviously, under such conditions the short circuit kilovolt- 
amporo for a given set-up may exceed the capacity of the ex¬ 
pulsion tubes while for a different set-up the short circuit Mla- 
voltampere may be inadequate for proper functioning of the 
protective devices. 

The estimate by the authors that the effectiveness of this 
scheme of protection probably is equal to that expected of the 
ground wire with low tower footing resistance provides a means 
by which one may compare costs of the two protective schemes in 
terms of effectiveness. 

It will be interesting to learn what further operating experience 
discloses concerning this scheme of protection against lightning 
disturbances. 

K. McEachron* The data given in Table I represent a 
composite of data taken both in the laboratory and in the field, 
which include the effect of the transmission line. 
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The maximuax aad minimum current values are based on the 
actual tube currents for which the expulsion protective gaps are 
designed. 

Table I also shows the number of insulators and spacing of 
rod gap which can be protected by the expulsion gap of a given 
rating. Because a 115-kv tube can protect a 7-unit string and 
also a 35-in. rod, it does not necessarily follow that the 35-in. rod 
gap and the 7-unit string are equivalent. The volt-time curve 
for the expulsion gap is not the same as that of the rod gap or 


the insulator string and differences appear because of polarity. 
However, to avoid the necessity of specifjdng an exact wave and 
its polarity, the margin between the expulsion gaps and the 
flashover of insulator strings and rod gaps was made large enough 
to absorb the variations due to these factors. As a result an 
expulsion gap listed as protecting a 7-unit string nray under some 
conditions protect a 6-unit string but not for all conditions. 
This method of expressing performance appears to be commend¬ 
able on account of its simplicity. 



The Deion Flashover Protector 

and Its Application to Transmission Lines 

BY li. M. OPSAHL* and J. J. TOROK* 

Ass(iclut(-. A.I.K.K. Associata, A.I.K.E. 

Hynopsis. . The. tlnini Jlaxhorrr iirolvclor in a ikvic.c inleruled for turhnncc. Applicaliom must be based on ihe surge flashover of the 

the iirulirlion of insulatiou siirh ns used on transmission lines. In insulation to be jirotected, the sj/stem fault current, and the voltage 
operation the lightning discharge passes through the device and the at which that current must be interrupted, 
resuttiuii poirer are is ejrtinguished without causing a system dis- » • * * » 


Gbneeal 

O N power transmission lines a flashover due to 
lightning usually results in a power arc and a line 
outage. The deion flashover protector provides a 
path for the spark where the resulting power arc can be 
extinguished.' - Electrodes within a tube serve as spark 
and arc terminals. The walls of the tube are made of 
.such material that the arc generates a gas which assists 
in extinguishing the are. An external air gap usually is 
placed between the tube and the line. 

This flashover protector can operate a number of 
times in succe.ssion without maintenance. A device 
requiring the renewal of a fuse would be inoperative in 
case of a repeated stroke. Prom photographs of light¬ 
ning taken with a moving camera it would seem that 
multiple strokes within a second are quite possible. 

Flashover Characteristics op Protectors and 
Line Insulation 

The flashover protectors show a very short time lag of 
breakdown. When rai.sing the surge voltage applied to 
the protector and its air gap by small increments, break¬ 
down either does not occur at all or it occurs usually less 
than 4 microseconds. If a sufficient number of shots are 
taken in this narrow voltage range, some larger time 
lags may be observed. The curve in F’ig. 1 shows the 
complete time-lag curve on a 1.6-40 microsecond wave. 
In the same figure are time lag curves of a pin insulator 
and a rod gap having the same minimum surge flash- 
over. From these curves it could be assumed that with 
three such breakdown paths in parallel a lightning surge 
of the above length or shorter any discharge would take 
place through the protector as it takes a longer time for 
the spark to form around the insulator or in the rod gap. 
Practically it is difficult to maintain such a fine balance; 
so the proWted insulation must have a higher minimum 
surge flashover than the protector with its external air 
gap. 

If the pin of this insulator is supported on wood the 
surge flashover can be increased.®'* At best the flashover 
to ground is raised to that of the air gap between line 
and the nearest metallic object held at ground poten- 

" *WeslinBhouKe Elec. & Mfg. Co., En,st Pittsburgh, Pa. 

1,2. For rofercnccH sea bibliography. 

Presented at the summer convention of the A.I.E.E,, Chicago, 
Illinois, JuneSOSO, 1033. 


tial. To gain this increase in flashover, the wood arm 
or air gap clearances must not be bridged by metal 
crossarm braces, guy wires or other metallic fittings. 

Increasing the surge flashover of a line by the use of 
wood will decrease outages but high surge voltages are 
found to split arms, pole and guys.'’’'* The flashover 



TIME LAG IN MICROSECONDS 


Fxo. 1 —^TiMB-LaO CJjIAUAOTBUmiCH ON A 1 . 5-40 MlCItOSBCOND 

Wave 

A. Dolon iliiHliovcr prutoctor 
H. Pin Innulutor 
O. liodgap 

protector applied at any point will discharge these high 
surges, interrupt the power arc and prevent damage to 
that structure. 


Power Interruption 


The probability of a power are forming in any path 
after a surge flashover seems to be a function of the 
length and surroundings of the path, the power circuit, 
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the point on the power cycle at which the surge occurs 
and the duration of 'the surge current.’-'i However, it 
is known that lightning flashovers have resulted in 
power arcs over most if not all of the present types of 
transmission line insulation. After a power arc has been 
established it may extinguish at the first current zero; 
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assume as in Fig. 2 that the surge occurs at the crest of 
the power voltage. The first half cycle of current lags 
the generated voltage by 90 degrees as we assume that 
the current is limited by reactance alone. At the first 
current zero, if the arc is to extinguish, the arc gases 
must withstand the crest of generated voltage im¬ 
mediately, exc^t as modified by the transient dis¬ 
turbance. 

If a comparison he made between an arc in the open 
and an arc within gas forming walls of suitable dimen¬ 
sions it is found that the open arc loigth must be some 
twenty times as great in order to interrupt, the same cur¬ 
rent at the same voltage. The reason for the better 
extinguishing characteristics of the enclosed arc is the 
turbulent mixing of the relatively cool and un-ionized 
gas from the walls of the enclosure with the arc gases.® •“ 
This cool gas splits up the are into many small filament¬ 
like arcs. These filaments are then surrotmded by 
relatively un-ionized gas into which ions continuously 
diffuse. At instant of current zero the ions from the arc 
filament diffuses into the space surrounding it and 
forms a column of gas of relatively low ionic-denaty 
having a fairly high dielectric stren^h. When the rate 
of increase of dielectric strength is greater than the rate 
of voltage application the arc does not reignite. 

Recovery Voltagei®'1» 

Assume a single line-to-ground fault limited by trans¬ 
former reactance as in Fig. 3. At current zero as in 



Fig. 3—Cibcuit Cohbitions TJndbb Which a Plashovbr 
Pbotbotob Must Intbbbvpt Power Ctorbht 

Fig. 2 the voltage attempts to rise immediately to the 
crest of line-to-ground generated voltage. Before this 
change in voltage can occur the electrostatic capadty 
of lines and equipmmit must be charged through the 
reactance of the system. 

The two extreme conditions are shown in Fig. 4. 
Where the line or lines are short and the transformer 
reactance high the recovery voltage appearing across the 
fault is equivalent to the voltage across a capacity 
charged through a reactance as in Fig. 4a. The recovery 
voltage is oscillatory and may rise to twice generated 
voltage plus an amount due to arc voltage. Where the 
line or lines are infinite in length, the recovery voltage 
is equivalent to the voltage across a resistor equal to 
line surge impedance when a constant voltage £7 is ap¬ 
plied through the transformer reactance as in Fig. 4b. 
Each overhead line has about 500 ohms surge im¬ 
pedance. Where lines are finite in length a refiection 
from the open end results in an overvoltage as in Fig. 
4b. It is apparent that, due to the reflection the r^ult- 
ant voltage transient approaches the one analyzed in 
Fig. 4a. Both methods of analyds most obviously lead 


to the same result, and, for practical purposes it is in 
nearly all cases suffidait to calculate the rate of re¬ 
covery assuming a lumped line capadty. 

The theoretical maximum overvoltage due to oscil¬ 
lations is reduced usually by the damping of the system. 
Obviously the flashover protectors are connected always 
between a line and groirnd or line-to-line not in series 
with the line so that any benefit due to the reduction in 
rate of recovery voltage always is effective. 
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Pig. 4—(A)—Bq'otv’ai.bnt Ebcovbrt Voltage with a Short 
Line Connected to the Tranbeobmer 
(B) —Equivalent Recovery Voltage with an Inpinitb 
Line Connected to the Tbanspobmer 


Where the protectors are installed on a line it is not 
always possible to obtain a negligible groimd resistance. 
The power current following tiie discharge of a single 
protector is limited by this resistance as well as the sys¬ 
tem reactance. The current bdng more nearly in phase 
witii the voltage, the recovery voltage rises aWptly to 



Pig. 6—^Power Interruption Oscillograms op a Symmetrical 
Current and an Almost Completed Unbymmbtbioal Current 


something less than the crest of normal line-to-ground 
voltage. This is favorable. However, when two pro¬ 
tectors connected to a common ground discharge 
simultaneously, the first unit to internipt power current 
may be required to withstand power voltage equal to 
normal line-to-line not line-to-groimd voltage even on a 
solidly-grounded neutral system.^ This is true be¬ 
cause the protector that still is carrying current causes 
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the ground electrode to rise in potential nearly to that 
of the lines still grounded, thus throwing full line-to- 
line potential across the protector that has just cleared. 
In applying these devices to low voltage lines with 
relatively high fault currents this fault resistance effect 
must be taken into account so that a properly rated unit 
will be applied. 

In Fig. 5 are shown 2 oscillograms of current inter¬ 
ruption at the fii-st current zero. Although 1 current 


Fxn, (5 —Typical Sjsction 
OF PliOTKCTOtt CoNBTUtTC- 
TION 

wave was displaced almost completely, the recovery 
voltage also was to the crest of line-to-ground voltage, 
not some lower value. This being the case it must be 
assumed that it is possible for the recovery voltage to 
rise abruptly to a value above line-to-ground voltage 
acroas the first of the two protectors to interrupt. 

As a bfusis for rating, the protectors are tested for 
power interruption characteristic in the laboratory 
where the arc is started by a fine wire. The recovery 
voltage is very rapid as no line is connected. If t^ts 
are made with fiOO ohms in parallel to simulate a line 
of infinite length the range in current that can be inter¬ 
rupted is increased or the power voltage rating is raised. 
Due to the variations in system conditions it is felt that 
this latter method of rating the units is unduly opti¬ 
mistic and will lead to misapplications. 

Mechanical Stkuctuee 

The elements of the deion flashover protector are very 
simple. Two electrodes extend within a bone fiber 
tube assembly such that a surge voltage applied to 
either end will always result in a discharge within, not 
outside the tube. If the gases are vented only at one 
end a solid electrode is used at the other. High current 
tubes usually have a discharge path of circular section. 
Low current units have a discharge path of some form 
of slot. 

The slot will interrupt a greats range in current as 
the arc will be in intimate contact with the fiber over a 
wide range in arc section. The arc in a round tube must 



begin to fill the bore of the tube before it is in equally 
intimate contact with the walls. Different typical de¬ 
signs of fiber structure and electrodes are shown in 
Pig. 6. 

There is an air gap usually between the upper end of 
the protector unit and the line. This gap is of such a 
length that it will not discharge due to normal line-to- 
ground voltage. The mechanical support and arcing 
horn, if any, depend on the design of the structure 
supporting the line. Fig. 7 shows 3 units applied to a 
pole top switch. 

Operating Limits 

To protect a given insulating structure against fiash- 
over a certain upper limit is set to the distance between 
inside electrodes. This limited intamal gap determines 
the maximum power voltage this unit can clear after 
an operation, and also the range in power current that 
can be interrupted at that voltage.* Current limits are 
determined by the failure to interrupt or the bursting 
of the tube. Practically speaking, the higher voltage 
units require a ratio of about 3 to 1 in maximum to 
T ninimum fault current. This range can be increased 
where highm: insulation permits a longer tube. 

The protectors do not have a low enough discharge 
voltage to protect so-called normal station insulation. 
They are being used to protect in surge proof distribu¬ 
tion transformers as these transformers have a very high 
ratio of impulse strength to operating voltage. 



PiQ, 7 —Piiabhoveb Pbotbctoes Applied to a Pole Top 
Switch 


Transmission lines will flash over unless protected 
adequately by ground wires.*'It is estimated that 
I'^piAgg the line-to-groimd wire flashover distance is 
greater than 8 ft it is not posable to prevent side flashes 
from the ground wire to the line. This eliminates most 
low voltage lines from such protection. High voltage 
lines already built may not adequately be protected by 
ground wires due to weak towers, inadequate clearances, 
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or Viigli re^tance grouiiding conditions. Lines that 
have reasonable insulation and fault circuit condition 
may be equipped with these protectors. Usually tbe 
difference between the flashover of the insulation and 
discharge voltage of the protector is small so that little 
protection is extended adjacent structures. Definite 
protection is afforded at the point of application; pro¬ 
tection at a distance is a function of the surge front, 
distance, groimd resistance and the difference between 
protector disdiarge voltage and insulation fiashover. 

Pole top switches, if operated open, cannot be im¬ 
proved greatly by over insulation to ground due to 
limited fiash distance across the open switch. There¬ 
fore, they offer a good field of application for these 
devices. 

Service Applications 

Although the protector is a relatively new device, it 
already has had considerable service to demonstrate its 
practicability. One of the first lines which was equipped 
with this device is a 110-kv wooden pole line and the 
protectors were placed at regular intervals. In this 
case they had several years of service and although 
called upon to operate many times they have had a 
perfect record. A more recent application was miade on 
a steel line of 66 kv. This line is 60 miles in length. 
The majority of line insulators are equipped with pro¬ 
tectors. Since this installation has been made no 
outages have resulted during lightning storms. In 
anothOT 66-kv application a few of the units have failed 
mechanically. These units evidently cleared this dr- 
cuit before failure and did no damage. In this case it 
was noted that operating conditions were more severe 
than estimated when the application was made. This 
illustrates the care that must be ex^dsed in making 
applications. There have been other protector applica¬ 
tions on 33-kv and 13.8-kv lines but the service in these 
instances has not been of sufficient length from which to 
draw definite condusions. 
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Discussion 

R. E. Hellmimds Lightning arresters have been available for 
quite some time and have been used largely to protect station 
and distribution equipment. However, while the lack of pro¬ 
tection of the line as a whole resulted in outages, the cost of pro¬ 
tecting the entire line by lightning arresters was not justified 
economically. The signi^cance of the availability of such in¬ 
expensive devices as described in the paper, together with the 
more general application of surge-protected distribution trans¬ 
formers, is that all exposed parts of the system can now be 
economically protected against surges. This, in turn, will of 
course greatly decrease outages and increase service reliability. 

It must be appreciated that there are limitations to the appli¬ 
cation of this device. For a given system voltage and power 
foEow current at the point of application, there is a minimum 
surge flashover value for which the device can be designed, and 
to secure protection the flashover of the insulator string must be 
greater than this value. When these requirements are met for 
the higher operating voltages, the device is applicable only for 
line protection, and normally designed station equipment still 
must be protected by suitable lightning arresters. 

It may be of interest to compare the trend of the developments 
along this line in this country with the entirely different means 
that have been employed in Europe to solve the same problem. 
There, in order to cope with the troubles caused by arcing to 
ground, etc., Petersen coils and other arc-suppressing arrange¬ 
ments were introduced to a great extent. Naturally, such possi- 
bijhties were repeatedly considered in this country, but the appli¬ 
cation of these arc-suppressing coils was found diflicult for various 
reasons and particularly on account of the greater complexity of 
the American systems and the consequent difficulty of properly 
tuning the coils. This, along with the great progress that has 
been made in this country in eonneetion with arc-deionizing 
devices, malces it quite logical that a solution was reached along 
the lines indicated in the paper. 

K. B. McEachront The authors refer to the use of the pro¬ 
tector for the protection of distribution transformers. While it 
is true that the distributipn transformer does have a high ratio 
of impulse strength to operating voltage, yet it would seem that 
some form of arrester that holds the potential to or of that 
of the protector would be preferable on account of the additional 
factor of safety. It is well known that in service transformers 
may be subjected to conditions of operation which tend to 
decrease the strength of the insulation, indicating the desirability 
of as much margin between the protective level and the strength 
of the transformer as possible. 

Nothing is stated in the paper concerning the operation of the 
protector on ungrounded circuits. It would be of interest to 
know what the authors would propose for the ungrounded cir- 
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(MliI. This point oomos up rroquontly not only in connection with 
lln‘ hijjhor voltajj^o circuits but in rtdiition to distribution circuits 

ulsti. 

Howard S. Phelps: The discussion of the situation that exists 
upon int(‘rruptiou of pfnvcr current by one of two protectors, 
iMmnocled to a conunou j 2 :round, which have functioned simul- 
taiUMUisly einpliasm^s tlie care thai. must be exercised when 
srlt*t*iinf; proU'ctors for low voltage lines capable of delivering 
high vahu^sof fault current. 

W’lieii nmre operating experience with deion hashover pro- 
(i‘ctors has been acquired it is ho])ed the authors will make this 
inlbriuation uvailablo to the Institute and thus amplify the very 
im‘ager S(Tvic(‘ information appearing in their paper. 

J. Slepian: 'Die origin of the deion llashover protector at the 
Weslinghous(» ('ompany did not arise from any accidental dis¬ 
covery. Several y<*ars ago, Mr. Torok conceived his brilliant 
i<lea of (mmbining the spark gap and expulsion fuse to make a 
devi(»e for protecting insulator strings from flashover due to 
lightning. IMie writer admired greatly his alertness in rec- 
oguixang how thc^ af)ecial propGrtio.s of insulator strings and 
transmis.Mion Hues and the then newly discovered facts and 
theory of t.lu' <ixt.inctiou of ji-c arcs in self-generated gas blasts 
would lit togtdher oiici with the other to pennit the development 
4»f a. rn*w kind of protection against outages by lightning. The 
writer gave his <mthusiastic <mcouragement, and is highly grati- 
licii that suc.cess has crowned Mr. Torok’s work and that of his 
assiK'iab's with a devhui that is so simple as to permit of almost 
universal application. 

1'lie Np(‘cial proptTty of insulator strings used in the deion flash- 
ovcT profile,tor is the high ratio of the impulso flashover voltage 
to tlut normal jmwer voltage. If this ratio were much lower as 
hi ot licn' appurat.us it would be almost impossible to make a gap 
( hat. will break <lown boUnv the impulse flashover voltage, and 
y<*t int (‘iTupt an arc ruaiiitained by the power voltage. 

'riii» spiMual iiroperties of transmission lines made use of are 
I he h»\v rat io cif t.he maximum short-circuit current to the mini¬ 
mum short-<!ircuit current, and the influence of the distributed 
capacity of t he liiu^ in slowing up the voltage recovery transient 
following a current zewo. The influence of the latter property 
of the slow recovtirj^ characteristic in shortening the arc length 
re<piired for a givim power voltage is well known. Hut the former 
property also is vc?ry important for tho extinction of an are in a 
self-geue.raied gas blast as in an expulsion fuse. The length of 
tube r<jquired for a givcm voltage is very largely dependent on 
this ratio. Roughly we may say that the cross-section of the 
tube is determined from meclianical considerations, by the m^i- 
mum current that the tube must handle. With the given section, 


the length of tube required depends on the minimum current to 
be interrupted, inereasing as this minimum current decreases, 
down to a certain small current, for less than which the needed 
length of tube does not need to increase. For a given maximum 
current, the length of tube needed to be capable of interrupting 
all currents down to zero is very much greater than that needed 
if the minimum current is a considerable fraction of the maximum 
current. With the shorter tube to interrupt the power current, 
it is much easier to make a gap that will break down at suffi¬ 
ciently low impulse voltages. 

It may be seen, then, how the special properties of the pro¬ 
tected and protecting device cooperate to give the extremely 
simple and practical deion flashover protector. 

J. J. Torok: Mr. McEachron suggested that it would be 
desirable to reduce the protector breakdown potential to or 
of the present unit, so tliat old transformers could be protected 
against lightning surges. A number of tests run on transformers 
that have been in service for a number of years and have not 
been abused showed a very high impulse strength. Apparently 
aging had no effect on the insulation. Since the distribution 
transformer insulation is operated at a very low gradient its life 
is not reduced by the operating voltage and with normal atten¬ 
tion the insulation should be good for the entire life of the trans¬ 
former. The impulse strength of the transformer on which pro¬ 
tectors are now used is several times the breakdown voltage of 
the protector. Should the effectiveness of the transformer insula¬ 
tion be reduced there still would be a margin between the break¬ 
down voltage of the protector and that of the insulation. 

Regarding ungrounded circuits where arcing grounds may be 
expected, the deion protectors used in transformers will operate 
vety satisfactorily. The breakdown voltage of the deion gap 
is well above the voltage created by arcing grounds, so that 
there would be no tendency to set up a continuous arcing within 
the deion protector. The deion gaps also are so designed that 
they will interrupt very low current arcs. Thus even if the deion 
gap does operate, it will clear the circuit. 

The appheation of deion gaps to high voltage ungrounded sys¬ 
tems does present a number of difficulties; principally that of a 
very wide range of currents to be interrupted. In the case of a 
single line-to-ground operation the current to be interrupted 
merely is the charging current of the system. However, if the 
fault shoiild be a double Hne-to-ground, the line-to-line currents 
relatively would be very high. To take care of this condition 
we have proposed a scheme similar to that shown in Fig. 2b of 
Mr. McEachron’s paper. Three tubes designed for heavy cur¬ 
rents are used to take care of the line-to-line faults, while a fourth 
designed for low currents is inserted in the grounding lead. 
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General 

HE Port Washington generating station of The 
Milwaukee Electric Railway and light Company, 
now under construction, is located on the west 
shore of Lake Michigan at East Port Washington, 
Wisconsin, 28 miles north of Milwaukee. The station’s 
initial capacity will be 80,000 kw (one unit) with a pos¬ 
sible ultimate capacity of 400,000 kw (fiveumts). The 
outstanding feature will be its unit design, that is, there 
will be a single boiler for each single turbine generator 
and also one set of transformers, one 132-kv transmis¬ 
sion line, and one set of auxiliaries for each-unit. 

Fundamentally, Port Washington’s design is based 
on that of the Lakeside plant except that such advance¬ 
ments are incorporated as are justified by operating 
experience and improvements in the power plant art. 
The principal advancement, aside ftum the unit ar¬ 
rangement which has been mentioned, is the adoption of 
825 deg F temperature for both throttle and reheat. 

Selection op Site 

Load growth made it apparent in 1928 that generating 
capacity would have to be added to the Wisconsin- 
Michigan system of the North American Company in 
order to m flin fain the proper relation between system 
capacity, peak demand, and reserve capadty. With by 
far the major portion of the system's generating ca¬ 
padty concentrated at one point. Lakeside, south of 
Milwaukee, it was deemed advisable not to put ^^all the 
eggs into one basket” by further expansion of Lakeside, 
whose capacity had reached 310,800 kw, but to locate 
a new plant at a point north of Milwaukee which would 
permit feeding energy into the Milwaukee district from 
two almost diametrically opposite and widely separated 
sources. (See Fig. 1.) 

In the case of power plants in the Milwaukee area, 
water-borne coal has a distinct advantage over all-rail 
coal from the same field in the eastern district. This is 
caused by the dedded and abrupt railroad rate increase 
on coal in passing through the Chicago district. In 
fact, the increase is so large that even mid-western coal 

♦Vice President in. Cliarge of Power, The Milwaukee Elec. 
Rlwy. and Light Co., Milwaukee, Wisconsin. 

Presented at the summer convention of the Chicago, 

Illinois, JunoSd-SO, 19SS. 


(Indiana and Illinois), which must of necessity pass 
through Chicago, cannot compete with the eastern coal 
when the latter is shipped by water. The comparisons 
given assume the various coals on an equal Btu basis. 
This point is mentioned to bring out the importance of 
TiPPHing to select a site where coal can be received by 
water. 



Fig. 1—Port Washington is Located to the North of the 
Milwaukee Metropolitan Area 


It serves as a second source of supply, widely separated from Xjakeside 
whlcli is to the south. Oontinuity of service will thus better be insured 

The selection of a ate, therefore, resolved itself into 
a search for one which would most nearly fulfill the 
following requirements: 

1. Be north of the Milwaukee metropolitan area 
better to insure continuity of service. (Lakeside is 
south.) 
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2. Be located :is close to the load center as practicable. 

3. Be adjacent to Lake Michigan where the condens¬ 
ing water supply is ample and cold. 

4. Be at a location where harbor facilities for lake 
boats have been established or could be provided at 
reasonable cost. 

5. Be at a location to which large industries might be 
attracted so that these could be served with energy 
directly from the station bus bars. 

6 . Be located 
so that connec¬ 
tions to railroad 
lines (preferably 
the company’s 
own) could 
readily be made. 

Port Wash¬ 
ington was the 
only place that 
met satisfacto¬ 
rily all of these 
requirements. 

In addition, if 
in the future, 
combination of 
coal x)rices and 
freight rates 
should become 
such as to give 
rail-home coal 
an advantage 
over water¬ 
borne coal, the 
change lo rail- 
borae coal could 
be made at Port 
Washington 
without any dif- 
ficulty what¬ 
ever. 

Although 
Lakeside bums 
water-borne 
coal it has not 
a dock of its 
own. Its coal is 
received over 
the docks of 
Milwaukee 
coal companies and from there hauled to the plant by 
rail. Port Washington, on the other hand, will have a 
coal dock which will eliminate the intervening rail haul 
with its attendant costs. The effect of this will be to 
lower its fuel cost about $2.69 per hundred million Btu 
below that of the Lakeside plant. 

Determination op Size 

In determining the size of the plant and of the units 
desire to make it possible to cooperate with industrial 


concerns that might wish to locate in the vicinity of the 
plant was an important factor. Because of its harbor, 
dock, and railroad facilities. Port Washington offers to 
new industries advantages far superior to those that can 
be found anywhere else in the vicinity of Milwaukee. 
Because of this it was felt that it would not be beyond 
reason to contemplate the possibility of industrial de¬ 
velopment in the vidnity of the plant to the extent of 
about 150,000 kw. 

The load 
growth on the 
S 3 ^tem in 1928, 
when Port 
Washington was 
o riginally 
planned, 
amounted to 
37,000 kw over 
the year prer 
vious,withpros- 
pective in¬ 
creases for 1929 
and 1930 of 40- 
000 kw each. 
For the latter 
two years pro¬ 
visions were 
made for adding 
76,000 kw to 
Lakeside’s ca- 
p a c i t y. In- 
creasesof40,000 
kw each for two 
years succeed¬ 
ing 1930 were 
not then unrea¬ 
sonable. 

The fact that 
Lakeside’s last 
two additions 
were of 75,000 
kw capacity 
each, that nor¬ 
mal load had 
been increasing 
at the rate of 
nearly 40,000 
kw per year, 
and that there 
was a possibility of a large industrial load in addition 
to the normal growth, prompted the decision to install 
80,000 kw initially at the new station. 

Mercury-Steam Cycle Consideration 
The possibility of large industrial plants locating in 
close proximity to the power station, some of which 
might require large amounts of process steam in addi¬ 
tion to their electrical demands, suggested that serious 
conaderation be given the mercury-steam cycle. For a 
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given process steam demand the m«:eury cycle can 
generate over twice as much by-product electrical 
energy as can a straight steam cycle, or conversely, the 
net heat consumption in Btu per switchboard kilowatt- 
hour would be considerably less with the mercury cycle 
than with a straight steam cycle if the Mlowatt-hour 
outputs were the same. On the baris of straight con- 
denang plants of equal capadty (100,000 kw) it was 
found that the mercury-steam cyde in order to equal 
the 1,200-lb steam cycle in total annual costs would 
have to be operated at an annual load factor on the 
plant of at least 6& per cent. At lower load factors the 
1,200-lb steam cycle showed a saving. For the particu¬ 
lar project under consideration, -the 1,200-lb steam 
cycle showed a saving in investment costs of $18.74 per 
kilowatt while the mercury cycle showed a gain of 2,650 
Btu per Mlowatt-hour in station heat consumption. 
With coal at $3.80 pw ton and fixed charges taken at 
13 per cent the total annual costs (including fixed 
charges) would be the same at 63 pa* cent load factor, 
while with coal at $3.60 per ton they would be the same 
at 67 per cent load factor. In these calculations al¬ 
lowances have been made for the smaller amount of 
atixiliary power and the lower capacity of condensing 
water and coal handling and preparation facilities re¬ 
quired by the mercury cycle. It is obvious that with 
lower coal costs the money saving due to saving a 
•certain quantity of coal becomes less and the instidla- 
tion of the more expenave mercury equipment becomes 
more difficult to justify. 

It was concluded that the mercury cyde should not 
be adopted for the initial section of the plant for the 
following reasons. 

1. Because of the small net savings, if any, which the 
mercury cycle could show over the 1,200-lb cycle, 

2. Because some of the untried portions of the funda¬ 
mental parts in tiie mercury equipment might cause an 
outage when the capacity could not be spared for any 
appreciable time especially not for correcting develop¬ 
mental defects, and 

3. Because the mercury cycle could be installed in 
succeeding units very readily, should these experimental 
matters prove successful. 

At the time of maMng the mercury-steam study, indi¬ 
cations of future price trends both of fuel and construc¬ 
tion materials were taken into consideration. Recent 
trends have been along the lines assumed and have not 
altered the concluaons reached. 

Selection op 1,200-Lb Stesam Cycle 

As has been stated, the design for the Port Washing¬ 
ton plant has as its underlying basis the design and 
operating experiences of the Lakeside plant. Lakeside’s 
first 1,300-lb boilCT was placed in operation in October 
1926. In October 1929, its second high-pressure boiler 
went into service. By the time that a dedsion on the 
pressure for the Port Washington plant had to be made, 
3 years of opera^g experience had been had with the 


Lakeside eqmpment. The availability factor for the 
last 2 of these years on high-pressure boilers was 
84.3 per cent and 88.6 per cent, respectively. (Inci¬ 
dentally, it might be interesting to record at this point 
that during 1932 the availability for the 4 high-pressure 
boilers at Lakeside averaged 93.7 per cent.) A careful 
analysis of the operating statistics for 1929, the last 
full year before making decisions for Port Washington, 
showed that Lakeride’s high-pressure system had in 
that year effected an actual net saving of $58,965 over 
straight 800-lb equipment of the latest and the most 
modem design. The actual fuel saving resulting from' 
14.12 per cent less coal burned amounted to $89,365 
against which was made an offset of $30,400 for annual 
fixed charges on the larger investment; maintenance 
costs being the same for 1,200 lb as for 300 lb. (See 
Table I.) 

These economy and reliability figures definitely es¬ 
tablished 1,200-lb pressure as being far superior to 300 
lb, 300-lb pressure being used in this comparison because 
the existing equipment in the plant, before the installa¬ 
tion of the 1,200-lb equipment, was built for it. But in 
order to exhaust all posable claims for intermediate 
pressures, a comparison was made between 600 lb and 
1,200 lb. The results, shown in Table II, indicated that 
the 1,200-lb cyde would save $36,764 annually over the 
600-lb cycle in the initial installation at Port Washing¬ 
ton, after deductions had been made for fixed charges 
on the greater investment required. 

TABLE I—OOMBAEISON OP ACTUAL 1,200-LB GENEBATION 
WITH 300-LB GENERATION 
LAKESIDE—1929 


Economg 

1 . Station generation.Million kwhr. 093.9 

2 . Station output.Million kwhr. 948.7 

3. Generation by 1,200-lb cycle.Million kwhr. 236.0 

4. Per cent of generation by 1,200-lb 

cycle. 23.8 

5. Overall station heat consumption at 

Xiakeside.Btu per kwhr net.. 14,882 

6 . Heat consumption of an all 3O0-lb 

plant.Btu per kwhr net.. 15,400 

7. Heat consumption of an all 1,200-lb 


plant.Btu per kwhr net.. 13,225 

8. Heat saving on 1,200-lb generation.. Btu per kwhr net.. 2,175 

9. Per cent saving of 1,200 lb over a new 

300-lb plant « item 8 divided by 

items. 14.12 

10. Total too million Btu saved ** item 3 

times item 8 divided by 100,000,000... 5,133 

11. Cost of fuel per 100 million Btu..... .. $17.41 

12. Total saving for 1929, 1,200 lb over 

3001b.$ 89,865 

Investments 

13. Greater investment cost of 1,200-lb 

equipment over 300 lb (per xmlt)...$200,OOO’'^ 

14. Greater annual fixed charges at 13 

per cent.$ 30,400 

Net Saving 

16. Net saving for 1929, 1,200-lb cyde 

over new 300-lb cyde. $ 68,965 


Actual operating statistics showed that Lakeside’s 1,200-lb cycle had 
saved 14.12 per cent in coal over that which would have been burned 


300-lb equipment been installed. Maintenance costs were no higher and, 
except for slightly higher fixed charges, the fuel savings indicate the net 



^Second imit started in commercial operation November 1,1929. 
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TABLE H—COMPARISON OP 1.200-LB GENERATION WITH 
600-LB GENERATION 

(Rdieattng to Same Temperature for Both Pressures) 
_ ESTIMATED FOB PORT WASHINGTON 

ISconottiy 

I. Estimated annual generation for Initial 

installation 80.000 kw at 60 per cent 

annual load factor.Million kwhr. 421 

• 2. Saving in heat consumption by 1,200- 
lb cycle over 600 lb (average all 

loads)...Btu per kwhr. 866 

3. Annual Btu saving in favor of 1,200 lb. 100 million Btu per 

year. 3,610 

4. Cost of fuel per 100 million Btu. $14.82 

5. Total annual fuel saving. 1,200 lb over 

600 lb.$ 53.500 

Imesimenis 

0. Greater investment for 1,200-lb boiler 

room oquipmont.$147,168 

7. Greater investment for 1.200-lb tur¬ 

bine room.$ 19,300 

8. Leaser investment for 1,200-lb turbine 

room equipment.$ 20,000 

9. Lesser investment for 1,200-lb station 

tunnels, circulating water system. 

and coal handling system.$ 17.650 

10. Net greater investment for 1,200-lb 

Installation...$128,818 

II. Annual fixed charges on greater 1,200- 

lb investment at 13 per cent.$ 16,746 

Nei Saving 

12. Net annual saving of 1.200-lb installa¬ 
tion over 600-lb installation of 

80,000-kw capacity.$ 36,754 

In comparing the economies of 1.200-lb generation with 600 lb, a con- 
sldeitible saving in fuel was found. This, together with the imexcelled 
reliability record of Lakeside’s 1,200-lb equipment decided the issue in 
favor of 1,200 lb. 

Consideration of the possibiKties of the Benson cyde 
showed that it held no inducements at this time. Effi¬ 
ciency gains from going beyond 1,200 lb were found 
to be slight because of rapidly increasing feed pumping 
costs and steadily decreasing energy gains. 

The savings shown in Tables I and II, together with 
satisfactory overall operating experiences at Lakeside, 
were sufficient to warrant the adoption of 1,200 lb for 
Port Washington. 

SBi-EcrioN OF 850 Deg F (Maxmom) Steam 
Temperature 

Lakeside has a reputation for being a pioneering sta¬ 
tion in economically sound adventures. Thanks to a 
liberal company policy, marked by keen foresight, every 
opportunity has been given to improve the art of pro¬ 
ducing and distributing electrical energy. In planning 
Port Washington this same policy was continued. It 
was believed that progress should be made and that 
some improvements over Lakeside were po^ble. 
Among those considered was the possibility of going to 
a higher steam temperature. Superheater manufac¬ 
turers, valve, pipe, and also turbine makers were 
consulted. All expressed their willingness to cooperate 
and subsequently quoted prices on equipment necessary 
not only to produce 825 deg F at the turbine throttle and 
reheat point, but to maintain it continuously: 850 deg F 
was specified as the maximum. The increase of 75 deg F 
in actual operating temperature (Lakeside’s is 750 deg 
F) brings the total steam tempa*ature up to the point 
where ordinary steels cannot be used in the tobine. 
Alloys require greater investment particularly in large 


turbines where they had not been previously applied to 
the extent that they had been in steam superheating 
equipment and in valves. The net greata* cost of 850 
deg F equipment totaled $28,170 in investment. With 
fixed charges taken at 18 per cent, the annual rate 
amounted to $3,650. The fuel saving on the other hand 
amounted to $18,720 per year, resulting from a 2.5 
per cent better station heat consumption rate. The net 
saving was, therefore, calculated to be $15,070 per year. 
The greater investment resulted from a more expensive 
turbine, greater cost of valves and fittings, and greater 
cost of superheaters and reheaters. These greater costs 
were offset by investment savings in boiler plant equip¬ 
ment due to the smaller amotmt of steam required, less 
water storage required in steam drums, and by deferred 
expenditure for replacing the last row of turbine blades 
due to less moisture in the exhaust steam. (See Table 
III.) 

TABLE III—OOMBABISON OF 826 DEG F AND 750 DEG F 
TEMPEBATUBE AT BOTH THBOTTLE AND BEEEAT 
ESTIMATED FOE FOET WASHINGTON 


Economy 

1 . Estimated annual generation for 

initial installation, 80,000 kw at 

60 per cent annualload factor. .Million kwhr. 421 

2. Saving in heat consumption, 825 

deg over 750 deg.Btu per sw. bd. kwhr.. 300 

3. Annual Btu saving, 825 deg over 

750 deg.100 million Btu. 1,263 

4. Cost of fuel per 100 million Btu. $14.82 

5. Total annual fuel saving, 825 deg 

over 760 deg.$ 18,720 

Investments 

6 . Investment saving of 825 deg due 

to lower heat consumption-%. 2.6 

7. Unit investment to which heat 

saving applies.$ per kw. 47.30 

8 . Total investment saving of 825 

deg => $47.30 times 80,000 times 

2.5 per cent.$ 94,600 

9 . Total investment saving assumii^ 

76 per cent of total saved...$ 71,000 

10. Additional investment saving in 

two steam drums, due to lesser 

storage required.3 6,670 

11 . Additional investment saving due 

to deferring replacing last rows 
of blades because of lesser mois¬ 
ture in exhaust. 3 10,920 

12. Total investment saving. 826 deg 

over 750 deg. 3 87,590 

13. Greater investment cost of 825- 

turbine...3 89,000 

14. Greater investment cost of 826- 

deg valves and fittings. 3 8,000 

16. Greater investment cost of 826- 

deg superheater and reheater. 3 18,760 

16. Total greater investment cost, 826 

deg over 750 deg.$116,760 

17. Net greater investment cost, 826 

deg over 750 deg (item 16 minus 

Item ..* 28.170 

Net Saving 

18. Annual fuel saving, 826 d^ over 

760 deg.^ 18.720 

19. Annual fixed charges on greater 

investment at 13 per cent.3 3,660 


20. Net annu£d saving, 826 deg over 
_ 760 deg.^ 16,070 

An increase in operating temperature to 826 deg F from 750 deg F for both 
throttle and reheat showed a 2.6 per cent improvement in station per¬ 
formance. When the saving was capitalized on the basis of reducing equip¬ 
ment costs in the boiler room, it offset the Increased cost of the turbine, 
valves and fittings and showed a substantial net saving for the higher 
temperature. 
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A higher steam temperature than 825 deg F at the 
turbine throttle with no reheat was considered purely 
experimental because it involved untried alloys. Creep 
in metals is hardly a consideration at 825 deg F, but at 
1,000 deg F or thereabouts, it is extremely important. 
A throttle temperature of 825 deg F with reheat at the 
same temp^ature is a reliable, non-base-load combina¬ 
tion, one that is made particularly attractive through 
the application of radiant superheating and reheating 
surfaces in the same furnace. 

Lakeside's operating experiences with reheat are 
positive proof that variable loads are easily and safely 
carried. Reheat introduces minimum complications 
into the cycle. 

One Turbine, One Generator, and One Boiler 

A previous study had shown that one large turbine 
generator would save $7.15 per kilowatt over two half 
size units in investmait costs (turbine generators, 
foundations, turbine room building, electrical equip¬ 
ment, and switch house) and about $25,000 per year in 
operating costs due to a better rate of heat consumption. 
These savings were considered sufficient to warrant the 
installation of an 80,000-kw xmit rather than two 
40,000-kw units. Incidentally, an 80,000-kw machine 
would match almost exactly the 90,000-kva trans¬ 
mission lines which had been adopted for the Milwaukee 
district.^ 

Most of the original 1,200-lb installations in this 
country consist of 1,200-lb non-condensing turbines 
supmmposed on existing 800-lb stations. In such 
installations, of course, new full capacity 1,200-lb 
boilers were required but the turbines were of com¬ 
paratively small generating capacity. The economy of 
such an installation, due to having to maintain a practi¬ 
cally constant pressure at the exhaust of the high 
pressure turbine for all loads, drops off rapidly in going 
from full load to partial load. Multiple-valve admission 
to the high-pressure turbine has been used as a partial 
means of overcoming this difficulty, but the process 
effects a saving in the high-pressure turbine only, 
whereas the largest part of the loss occurs at the exhaust 
of this turbine. 

If the exhaust pressure is permitted to vary according 
to load through the use of so-called compound operation, 
savings of considerable magnitude can be made. Such 
operation naturally would have to be followed in a 
station which had boilers generating steam at but one 
pressure. The high-pressure turbine could, however, 
still remain segregated from the low through the adop¬ 
tion of a cross-compound machine. There then would 
be two separate turbines each with its own genCTator, 

1. See paper on The 80-Cycle Primary Transmission System of 
The Miltaankee Electric Railway and Light Company and Asso- 
oiaied Companies in Wisconsin and Upper Michigan, by C. D. 
Brown and E. W. Hatz, presented at the Great Lakes District 
Meeting of the A.I.E.E. at Milwaukee, Wisconsin, March 16, 
1932. 


a combination which has the advantage of keeping the 
low-pressure turbine in service when trouble is en¬ 
countered in the high-pressure turbine. Should the low 
pressure section be forced from service at any time, the 
entire unit would be down and because of this fact a 
reserve equal to the capacity of the whole unit must be 
kept available at all times. The ability to operate the 
low-pressure section at times of high-pressure turbine 
outage, therefore, loses much of its significance. Be¬ 
sides, the reserve capacity in most cases can be operated 
at an economy very close to that of the low-pressure 
section alone. The advantages of tandem-compounding 
on the other hand are such as to win approval; they are, 
net investment savings of $1.12 per kilowatt resulting 
from (1) a lower cost of the turbo generator itself, (2) 
fewer electrical connections because of having only one 
generator, (3) less building volume, and (4) a credit for 
a smaller turbine room crane because of a narrower 
turbine room. 

Many of the arguments presented against the cross 
compound unit apply to the steeple-compound imit also, 
although the economic advantage of the tandem over 
the steeple is not as great as it is over the cross com¬ 
pound. Inconvenience in oi)«ra.tion and maintenance 
were also factors in deciding against the steeple-com¬ 
pound unit. 

After having established the size and type of the 
turbine to be installed, the next consid^ation was the 
number, size, and type of boilers. Detailed compari¬ 
sons were made on the installation of two boilers of 
small size (846,000 lb per hour capacity) and of one 
boiler of large size (690,000 lb per hour capacity). 

One boiler was selected rather than two, because: 

1. An investment saving of approximately $250,000 
could be made. 

2. The opemtion would be simpler due to not having 
to apportion the exhaust steam from the high-pressure 
section of the turbine to each of the two reheaters. 

3. The presence of an 80,000-kw turbine generator 
on the S 3 rstem would require 80,000-kw reserve in any 
event. Tha-efore, no additional losses in capacity 
would occur due to boiler outage. 

At Lakeside, three-drum bent-tube type boilers with 
comparatively large low-heat release furnaces had 
unprecedented reliability records. Certainly records of 
this nature could not be ignored in making selections for 
tiie Port Washington boilers. This fact notwithstand¬ 
ing, all arguments for the single-drum strai^t-tube 
boiler and high-heat release furnace were obtained and 
carefully weighed. Prices were secured and tentative 
layouts prepared so that an unbiased opinion as to their 
merits might be formed. 

Exponents of the straight-tube boiler design with its 
complementary equipment maintained that with it a 
better proportioning of all of the heat reclaiming sur¬ 
faces could be secured together with a lower overall 
investment cost. The use of less of the comparatively 
high cost boiler surface and more of the less expensive 
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economizer surface formed the ba^ for their argu- Furnace 

ments. They also maintained that less building volume ^he slag-tap furnace, which was given some con- 
would be needed. Contrary to expectatiohs, the latto ^deration, is a high-heat release furnace of relatively 
was not found to be true for Port WasWngton <»ndi- gmall size because the temperature in the furnace must 
tio^, principally b^use of a 10-ft higher building be kept suflBdently high to maintain the ash in a molten 
which would be required. It was true, however, that a g^ate. The small size and high temperature preclude 
small saying in investment was shown with the straight- of radiant superheaters and reheaters. The 

tube boiler layout over that of the bent-tube t 3 T)e but latter are dearable because their inherent character- 
this saving was more than offset by opiating losses, jgtics are such as to give automatically the most 
Table IV summarizes these gains and loss^. Then economical operating conditions at all loads. Super- 
too, high-pressure economizers (1,600 lb) which are an beaters and reheaters of the all-convection type give 
essential part of the straight-tube boiler layout were decidedly variable steam outlet t^peratures with 
considered a potential source of trouble.^ As explained variations in load on the boiler necessitating desupCT- 
later, economizers were eliminated entirely from the heating at the higher loads. This was considered ob- 
Port Washington design. jectionable because of the genoal unreliability of the 

It was concluded finally to adopt the bent-tube type desuperheating process. No desuperheater is required 
boiler fired from one side only with a low-heat release with the radiant surfaces in the Port Washington sta- 
hopper-bottom furnace beneath it. Besides the tion deagn. On the other hand, large furnaces with a 
economic gains and the posability of eliminating low rate of heat release (15,000 Btu per cubic foot per 
economizers, the following additional reasons influenced hour, maximum) are conducive to low maintenance 
its selection: costs and high availability. With steel walls, con- 

1. About 50 per cent more water storage space is 
available which is very important when only a few 
minutes total storage is available. 

2. Tubes being nearly vertical permit rapid water 
circulation which eliminates wide variations in drum- 
water levels throughout the load range. 

3. Dry steam is obtained since the rear drum acts 
as a dry drum, it having little steam released from the 
water it contains. 

4. Water wall connections can easily be made because 
of accessibility of the drums. 

5. Suspended solids in the boiler water are removed 
effectively in the lower drum. 
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TABLE IV—COMPARISON OP BOILER DESIGNS 
FOB 

PORT WASHINGTON—INITIAL INSTALLATION 


Bent-tube Straight-tube 
boiler low- boiler high- 
heat release heat release 
furnace furnace 


1 . Total investments 

in boiler, furnace, superheater, reheater, 
economizer, air-heater feeders, burners, 
and milling equipment*. 

2. Greater investment of bent-tube boiler. 

3. Greater annual fixed charges at 13 per cent. 


$937,137. 

98,332 

12,783 


4. Increased Operating costs 

a. Greater pressme drop in superheater, 

b. Greater pressure drop in reheater.... 

c. Loss of heat in molten ash. 

d. Lower overall boiler efficiency. 

e. Poorer availability. 

f. Lower reheat temperature. 

g. Greater furnace maintenance cost... 


$838,805 


$ 166 
1,920 
1,780 
6.370 
3,900 
2,720 
. 6.700 


h. Total greater operating costs.^ » 

6. Net annual saving of bent-tube boiler with 

low-heat release furnace— ..9,763 

The bent-tube boiler with a. low-heat release fumwe not ^ 

duce an saving of *9,763 but will also permit the use of radtot 

TOperhent and rehelt^aces within thefumace. and afford other operating 


advantages. ______—— 

♦Biding not included because costs would be identical. 


sisting of steam and water cooled surface on all 6 
sides, there can be no wall erosion. Radiant super¬ 
heater and reheater surfaces for side and rear walls and 
water tubes for the front wall and the ash screoi were 
the final answer to the furnace problem ^ter all ad¬ 
vantages and disadvantages of other combinations had 
been carefully balanced. 

Radiant Superheater and Rbheater 

Selection of radiant heat absorbing surfac^ for super¬ 
heater and reheater rather than ail-convection surfaces 
was prompted by economic considerations as well as 
the adaptability of these surfaces to the low-heat 
release furnace mentioned in the previous paragraph. 
More uniform steam temperatures over wide load ranges 
can be obtained automatically and fhiK the ov^all 
station economy can be improved. This is particularly 
true at low loads when all other factors in the system 
are working toward poorOT economy. By virtue of the 
highCT superheat the turbine efficiency is maintained 
higher than it would otherwise be at the lower loads. 
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The superheater selected has a radiant section and a 
convection section. The steam will pass first through 
the former and then the latter. With this combination 
the steam temperature to the turbine throttle will vary 
only from 830 deg F at ftill load to 802 at quarter load. 
The reheater on the other hand is radiant entirely and 
its outlet temperature will vary from 834 at full load 
to 827 at quarter load. 

Air Heater aot> Economizer Consedbrattons 

Economizer and air heater surfaces—all waste heat 
reclaiming surfaces for that matter—are closely related 
to the type of cycle adopted for the station. In the case 
of Port Washington, a tentative cycle was decided upon 
at the time of placing the turbine contract. This called 
for the use of extraction heaters at 5 points. A com¬ 
parison between 4 extraction heaters plus an economi- 
zer-air heater combination, and 5 extraction heaters plus 
an air heata* only, indicated that a net annual saving of 
$7,429 could be made through the use of the latter. The 
major portion of this saving is effected by the 1.3 per 
cent better heat rate of the turbine due to the fifth 
heater. Although the addition of an economizer would 
reduce the flue gas temperature 25 deg F and thus make 
a substantial saving in boiler efficiaicy, the fixed charges 
on the greater investment for the economizer and piping 
(after taking credit for the smaller air heater) and the 
maintenance costs on the economizer would more than 
offset this gain. Five-stage heating with an air-heater 
but with no economizer was tha^fore decided upon. 

Bin and Feeder vs. Unit System 

In determining the method of firing to be adopted, a 
thorough investigation was made into the adaptability 
of the unit system and of the bin and feeder system to 
the contemplated plant layout. The results showed 
that the boiler efficiency obtainable with the unit 
system was about equal to that of the bin and feeder 
system with no gain for either on such items as carbon 
loss, uniform grinding, etc. There were, however, 
inherent advantages of the bin and feeder system which 
influence total station economy rather than only boiler 
efficiency and it was these which decided the matter 
in its favor. The most outstanding of the^ advantages 
are: 

1. Greater reliability. With the unit system any 
outage of a mill for any reason will cause a reduction in 
capacity of the boiler or complete outage of the boiler. 
Whenever a reduction in load occurs, it must be picked 
up by some standby or less efficient station, and a loss 
of 0.1 per cent in economy might result. 

2. Flexibility. The low rating limitation of the unit 
mill is absent entirely from the bin system. This is 
particularly important at times of starting when low 
furnace tempwatures are desired to prevent damaging 
superheater tubes. 

3. Mill drying with flue gas can be used in the storage 
system to advantage, while on the other hand it cannot 


be used efficiently in the unit system. Venting flue 
gases back into the furnace is not conducive to efficient 
combustion and to the maintaining of propw flame con¬ 
trol. With flue gas diying in a storage mill, 6 per cent 
of the total flue gas discharges to the stacks at a tem¬ 
perature 200 deg F lower than the usual exit tempera¬ 
ture. In addition, air heater performance is improved 
due to the greata* mean temperature difference and the 
lessM- heat absorption in the air heater. After the flue 
gas mill drying system has been charged with the small 
coal vent loss, it shows a net gain of 0.5 per cent over 
using hot air and venting to the furnace. 

4. Coal feed can be regulated more closely with the 
storage system resulting in the maintenance of high 
average COs and fine control of excess air. With 
radiant superheaters and reheaters this is important. 
Coal feed variations of 10 per cent as are common with 
the vmit system without hand adjustment can cause a 
50 deg variation in reheat temp^ture and 0.6 per cent 
decrease in station economy. 

5. Coal feed control at Lakeside where the storage 
system is used has been foiimd to be so regular that boiler 
pressure can be regulated to within 5 lb of a standard. 
With the unit system, the pressure variations might be 
on the order of 50 lb. The difference of 45 lb in pressure 
at the turbine could cause 0.6 per cent difference in 
economy. 

6. When using air drying with unit mills the heated 
air to the mill must be tempered with room air. This 
reduces the amoimt of air to be taken through the air 

TABLE V—COMPARISON BETWEEN 4 EXTRACTION HEATERS 

PLUS ECONOMIZER-AIR HEATER COMBINATION AND 
5 EXTRACTION HEATERS PLUS AIR HEATER ONLY 
Four Extraction Heaters Plus Air-Heater Only Is Used As The Basis For 
This Comparison 

ESTIMATED FOR PORT WASHINGTON 

■ ' ss^=^===ss==am 

Gain Loss 


Four-Staue Heating and Economizer 

1. Saving due to lowering of flue gas by 26 deg F.64.520 

2. Maintenance cost on economiser.$2,000 

3. Pumping cost for pressure drop through econo¬ 

mizer. 120 

4. Fixed charges on greater investment cost for 

economizer and piping after deducting credit 

for smaller air heater, $36,800 at 13 per cent. 4,064 


5. Total costs.$4,520.. .$6,774 

0. Net an nu al loss for economizer.2,264 

Fioe^Siage Healing 

7. Better heat consumption rate due to fifth-stage 

heaters—112 Btu perkwhr.$6,996 

8. Maintenance cost on fifth-stage heaters. 400 

9. Pumping costfor pressure drop through heaters. 120 

10. Fixed charges on investment in fifth-stage 

heaters, also necessary piping, $10,016 at 13 

percent. 1,300 


11. Total costs.$6,995 .. .$1,820 

12 . Net annu al galnforflfth-stage extraction heaters.. 5,176 
Net Comparison 

13. Net gain due to fifth-stage heaters.$5,176 

14. Netlossdueto economizer...2,264 


16. Net annual difiference in favor of fifth-stage heaters.$7,429 


Economizers ordinarily are thought of as equipment used to enhance 
power plant operating efficiency. This tabulation shows that extraction 
heaters do this more effectively, and with far less need for worry about 
operating difficulties under the higher pressures encountered. 
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heater and reduces the boiler efficiency about 0.3 per 
cent below that of a storage system boiler where flue 
gas drying is used. 

7. Automatic combustion control is much more posi¬ 
tive on a storage fired boiler than on a unit fired one. 
With the latter, difficulties are encountered in coordi¬ 
nating the mill speed, primary air volume, and sizing 
of the pulverized coal particles with the requirements of 
the boiler. Lower overall efficiencies will result. 

Th^e advantages, totaling 2.1 per cent in station 
economy, can be credited to the storage system. In¬ 
vestment costs were found to be 74c. per kilowatt lower 
for the unit system. Labor, maintenance, and power 
were slightly in favor of the unit system. An important 
point in favor of the storage system is that most of its 
motors can be shut down at the time of the station peak. 
The unit system on the other hand requires peak elec¬ 
trical demand for auxiliaries coincident with the peak 
station demand and to provide the same margin in 
capacity an equivalent in generating capacity must be 
installed at the same station or elsewhere. 

TAUUK Vr -OOMl^AKIHOM OF HTORAOE SYSTEM AND UNIT 

SYSTEM OF iniOVEUliSKD KUEt. FIKING—ESTIMATED FOR 
POK'r WASHINGTON 


hUunwrnu 

1, KHlimatiMl annual gminratUm fur 

Initial iTiHtaUatloii, 80.000 kw at 

0(1 nor cunt* annual load facloi*.,. . Million Icwhi*. 

2, SavliiK in hnat conHumptlon, atorugo 

<ivnr unit.%. 

a. Util HJivlng, utorago over unit.Utu pur kwhr. 

*1. Annual Utu savluK, ntoragu over 

mill..100 million per year,. 

A. Oout.offiiul pur 100 million Bin. 

0. Total annual fuel saving, storagu 

ovfU’ iinib... 


421 

2.1 

252 

1,061 

$14.82 

$15,750 


Artfcor, Maintrrttmn ut\d Potoer 

7. (iruatur cost of labor (l <«tra man) 

sWrago liver unit. 

H. f ireatur cost of malnlunancu, storagu 

ovm* mill. 

U, LesH(!r co.Nt of power, Hlorago over 
unit. 


$ 2,400 
,$ 050 
.$ 675 


.$ 7,685 


592 


10. .Net greater <ij»eratlng costs, storago 

over unit...* 

IwH'sfmrnts 

11. (ireaUr Investment cost In mUls, 

feeders, burners, moWrs, starlars, 

(liud. work, foundations, air c.om- 
I)re.ssor.H, fuel bins, otij., storage 

:,v«r .»50-“2 

12. Oreator annual llxtKl ebarges at la 

per cent, storage over unit. 

Station Peak CanaeMtf 

i:i. nreater kilowatt, ilomand of unit 
system motors at time of station 

peak. 

14. value of 502-kw station capacity at 

$76 per kilowatt.^.....$44,400 

15,1-e^ser annual fixed charges on sta- 

tlon capacity, storage over unit...* 

Xet Saoinf/ 

16. Net annual saving, storage system 
ovm* unit systc'iii (Item 6 minus 
Item 10 minus item 12 plus item 

15) . .. ■ -. ^ —-- 

The batilo of storage i».v. unit system of pulverized fuel firing was waged 
ror In Tlfn MlUaukc*. Kk^trlc and Light Oomp^^s 

, ni£|ni«ring dopartmeiit boforn the storago systom was ay^ed the d^ 
cLuhl Its merits Include not only an annual saving of 1 >«» B™ator 

ruUablllty and ilexthlllty, as well as safety, duo to the possibility of usbJg 
flue gas mill drying with it. 


Another important advantage of the storage system is 
the safety to personnel and equipment occasioned 
through the use of flue gas for mill drying. A 12 per 
cent volume of CO, (an inert gas) is maintained in the 
mill system and collectors, so that danger of fire or of 
an explosion from smoldering coal is lessened materially. 

The analysis, of which Table VI is a summary, 
showed the bin and feeder system to effect a net annual 
saving of $11,062 and this, together with certain operat¬ 
ing advantages, formed the basis for its adoption. 

Extraction Heaters and Feed Pumps 

After having determined the number of extraction 
heaters to be used in the heat cycle, a very important 
deci^on had to be made in. regard to the location of the 
boiler feed pumps in the cycle. The high pressure boiler 
feed pumps at Lakeside, although they had been operat¬ 
ing continuously for over four years and had never been 
the cause of 1,200-lb equipment outage, had demanded 
considerable attention and were creating maintenance 
costs which were considered too high. Their operation 
as a whole was rather delicate. An investigation showed 
the cause of the difficulties to be fluctations in feed 
water temperatures which set up uneven expansion and 
contraction in the various componait parts of the 
pumps causing clearance variations, packing leaks, etc. 
The maximum feed water temperature delivered to the 
Lakeside 1,600-lb pressure pumps is 360 deg F while it 
might go down to 300 deg F or slightly below at light 
loads. The pumps at Port Washington, if they are 
placed on the discharge side of the extraction heaters, 
would be required to handle water to as high as 432 
deg F temperature at full load and as low as 290 
deg F at quarter load, a condition much more severe 
than that at Lakeside. Should they be located after the 
second heater, however, and made to discharge throng 
the heaters at the remaining 3 extraction points, the 
temperatm^ of the water entering the pumps could he 
held constant at 200 deg F. The manufacturers of the 
feed pumps were in hearty approval of the suggestion 
that the lower temperature be used in spite of the 
relatively low delivery pressure to the suction of the 
pumps, and promptly quoted on pumps with efficiency 
guarantees somewhat improved over those at Lakeside. 
This improvement in efficiency is incidental to the 
improved reliability of the pumps and to the 12 per cent 
saving in pumping energy occasioned by the lower 
specific volume of 200 deg F feed water compared with 
that of 400 deg F feed water. The somewhat higher 
cost for the high-pressure extraction heaters over the 
lower pressure type was not nearly enough to offset the 
advantages mentioned. 

Two sets of high-pressure extraction heaters will be 
used, one on each of the feed lines to the boiler. Each 
feed line will have a separate high-pressure pump with 
a spare pump so connected that it can be substituted in 
either line. Two feed lines to the boiler wfll he used 
because better parallel operation of centrifugal feed 
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pumps can be obtained when discharging through 
heaters and piping before pressures are equalized. 
Then, too, it was found economical to use two sets of 
heaters because by-passes around the heaters with 
their expensive fittings could be eliminated. 

Interesting design details entailed in the construction 
of the high-pressure extraction heaters are worthy of 
mention because they have heretofore never been at- 



Pia. 3 —^Extbaction Hbatbes BtjiiiT fob 1,600-Lb Watbb 
Pressubb Presented an Opebatino Problem Until This 
Design With Its Elimination op Bolted Heads With Gas¬ 
kets AND Stay-Bolts was Adopted 

tempted. It is common knowledge that bolted heads 
with gaskets and staj^-bolts are a serious problem in the 
use of high-pressure heaters. These have been entirely 
eliminated through the adoption of a head made from a 
solid forging bored out and supplied with an internal 
head cover, similar to a boiler manhole plate design. 

Steel tubes with U-bends have been decided upon be- 
caxise experience at Lakeside has proved them to be 
more reliable than brass tubes and they cost less. 
Corrosion of the tubes can be prevented entirely by 
complete de-aeration which is essential in any event in 
a 1,200-lb pressure plant. 

Flash losses between the high-pressure heaters will be 
eliminated by cooling the dredns in the lower sections 
of the heaters before cascading them into the next lower 
heaters. Separate drain pumps on individual high 
pressure heaters would be impractical because of having 
to pmnp against 1,300-lb boiler pressure. Calculations 
show an improvement of about % per cent in plant 
economy through the elimination of flash losses. 

Generation at 22,000 Volts 

In selecting the generator voltage, the following were 
con^dered: 

1. No pioneering in generator voltages was desired. 

2. A voltage was desired that would enable industries 
which might locate in the vicinity of the plant to con¬ 
nect their lines to the bus bars as economically as 
possible. 

3. If any economies could be effected in the plant 
investment and operating costs by using a voltage 
higher than 13,800 (the Lakeside voltage) such econo¬ 
mies should be realized. 

4. It would be desirable to adopt a voltage which 
would permit the connection of the existing 26,400-volt 
secondary transmission lines of the company with a 
minimum of expense. This is not a matter of much 
importance because very little of the enei^ will be 


delivered at this voltage. Most of it will be stepped up 
directly to 132 kv. 

5. A voltage was desired that all manufacturers would 
be willing to use in their machines without resorting to 
special cons^ction, such as concentric conductors. 

The voltage which most nearly met all of these con¬ 
ditions was found to be 22,000 volts. In uting this 
voltage it was found that a saving of 0.3 per cent could 
be realized in investment and operating costs of genera¬ 
tors and electrical equipment over similar costs for 
13,800 volts. No saving could be effected by adopting 
26,400 volts because equipment in the 34,500-volt class, 
which is more expensive, would then have been neces- 



Fio. 4 —One Line Diagram op Port Washington Power 
Plant—Initial Installation 


The rotary converters wIU be located in the basement of the control 
bnildlng and will supply service to the coal dock and to the Oompany's 
interurban railway system. One rotary converter is a spare and can bo 
used either on the railway service or on the coal dock service. 

sary. Because of the adoption of 22,000 volts, it is 
necessary to use auto transformers to connect to the 
lines operating at 26,400 volts. 

22,000-Volt Indoor Switching Equipment 
Whether to build a switch house and install indoor 
22,000-volt switching equipment or to install metal 
clad equipment outdoors was given a great deal of 
coi^deration. Regardless of the dedsion on this 
point, it was recognized that it would be necessary to 
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build a transformer repair house and control house which 
limited the decision simply to the switching equipment 
itself, main bus bars, reactors, etc. All of the compara¬ 
tive estimates made included the control house and 
transformer repair building. Estimates were obtained 
from the manufacturers on .various kinds of switching 
equipment and it was assumed in the case of the outdoor 
metal dad equipment that there would be a likelihood 
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AxjxiLiABy Power Supply System 
Alternating current auxiliary service will be provided 
by 7,500-kva three-winding transformers stepping down 
from 22,000 volts to 2,300 and 480 volts. There will be 
one transformer connected directly to the leads of each 
generator and one spare transformer connected to the 
22,000-volt bus. Each transformer will supply aux¬ 
iliaries for its own unit with automatic provisions for 
transferring the load instantaneously to the spare 
transformer in case of trouble on the normal supply. 

Motors of 100 hp capacity and larger will be supplied 
at 2,800 volts and motors of less than 100 hp at480 volts. 

Direct current service supplied from motor-generator 
sets with a battery floated across the busses will be used 
to supply pulverized coal feeders, electrically operated 
valves, turbine room cranes, elevators, emergency 
lights, and magnetic pulleys. 


Fia. 6—^WiBiNQ Diagram 

Showing main electrical connections when the Port Washington Power 
Plant has reached a capacity of320,000 kw (4-80,000-kw turbine generators) 

of a reduction in cost of about 10 per cent during the 
time that the station was growing from its initial- to its 
ultimate size. It was found that for the initial section 
the outdoor metal clad eqxiipment would require an. 
expenditure of $6.03 per kilowatt while the vertical 
indoor isolated phase construction, including building 
and foundations, would require an expenditure of $5.62 
per kilowatt, or $0.41 per kilowatt in favor of the indoor 
vertical isolated phase arrangement. In the ultimate 
station, with relatively more switching equipment be¬ 
cause of the duplication of switches on certain lines and 
the use of a ring 22,000-volt bus with rectors, the 
corresponding figiures would be $7.62 per kilowatt for 
the outdoor metal clad and $6.78 per kilowatt for the 
indoor vertical isolated phase arrangement, including 
building, a saving in favor of the indoor arrangement of 
$1.84 per kilowatt. In view of the economies that 
could be effected and other advantages, such as the 
greater ease of making changes from the original layout 
and the use of oil-less drcuit breakers in the indoor 
arrangement, it was decided to put, all of the 22,000- 
volt switching equipment indoors. After deciding upon 
the use of indoor equipment, it was thought desirable 
to consider the merits of various kinds of indoor equip¬ 
ment and so cost figures were prepared on indoor three- 
pole assanbly metal inclosed equipment. It was found 
that in the initial installation the metal inclosed equip¬ 
ment would cost $0.17 per kilowatt more than the 
vertical-isolated phase arrang^ent and $0.31 p^ 
kilowatt more in the ultimate installation, V^cal- 
isolato^^ phase construction was therefore selected. 


nNai Hno- 

T FROM T 
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lNa4 ' generators 


AUX PRIMARY 
OIL QRCUIT BREAKER 


AUX, TRANSFORMERS 
7,500 KVA 


U AUX. 

SECONDARY 


AUXILIARY FEEDERS 

^ OIL CIRCUIT BREAKER NORMALLY CLOSED 9 OIL CIRCUIT BREAKER NORMALLY OPEN 

PiQ, 6-^iNGLB Line Wiring Diagram op Principal 
Auxiliary Connections 

Oil circuit breakers 11,13,15. and 17 normally open. All other breakers 
normally closed. Should trouble develop between breakers 6 and 10 these 
breakers will open through the operation of diflerential relays. The open¬ 
ing of 10 causes 11 to close thereby maintaiiilng service on all a uxi l i a r ies of 
generator 1, If the trouble is between 11 and 18, 18 opens through the 
operation of an overload relay leaving half of the auxiliaries operating; if 
between 10 and 18, 5 opens on overload and the opening of 5 In turn opens 
18 closes 11 thereby maintaining service on half of the auxiliaries. 
Whenever breaker 5 opens, the 480-volt service also Is transferred to the 
spare. The 480-volt auxiliary connections are similar to the 2,300-volt 
connections and are relayed in the same way except for one minor^dlfference 
not mentioned here 

The only steam-driven auxiliaries in the plant will be 
1 emergency feed water pump and 1 emergency house 
service water pump. 

Conclusion 

The author wishes to emphasize that the compari¬ 
sons presented in this paper and tiie conclusions reached 
gpply 'to Port Washington conditions. Under other 
conditions, decisions might have been different. 

It is hoped that the information presented in this 
paper will convey a general impression of certain ixends 
in power plant design as interpreted by the enpncCTS of 
The Milwaukee Electric Railway and light Company. 

The author wishes to acknowledge the valuable 
assistance in the preparation of this paper of F. L. 
Dombrook, Chief Engineer of Powa: Plants, William 
E. Gundlach; Chief Electrical Engineer, C. F. John, 
Astistant to Vice President, and others of the engineer¬ 
ing staff of The Milwaukee Electric Railway and light 
Company. 
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Discussion 

Alex D. Baileys While Mr. Post’s paper possibly affords 
opportunity for discussion regarding certain detailed features of 
station design, it is important primarily because it embodies the 
best thought in station design, though it originated 4 or 5 years 
ago. The design of this station shows quite conclusively the 
value of simplification, which offers the greatest opportunity for 
reduction in investment cost. With the improvement which has 
been made in the reliability of both steam generating and turbine 
equipment in the last few years, the single unit type of station is 
rapidly gaining favor. 

So far as the 1,200-lb turbine units are concerned, the per¬ 
formance record of all turbines for 1932 shows that the 1,200-lb 
units are fully as reliable as those operating at lower pressures. 
The 4 high pressure units at Lakeside have a particularly good 
record as all 4 of them are better than the average. 

In the controversial question of the unit system versus bin 
system, the design apparently was based largely on reliability, 
which naturally appeals to all operating men. 

£• J. Billinas: Speaking abstractly from the standpoint of 
the manufacturer of power station equipment, a customer’s 
evaluation of bids is apt to be fraught with imcertainties and sur¬ 
prises to the bidder. When, as presented in this paper, the custo¬ 
mer fearlessly gives out details of the evaluation for a secondary 
evaluation by the engineering public, it is certainly a progressive 
step in the direction of equitable evaluation of bids. 

Although the author stresses the point that the design has been 
worked but strictly for local conditions and that for other con¬ 
ditions or other locations the design might have been radically 
different, there still remains the possibility that some of the 
premises will be accepted more literally by a portion of the engi¬ 
neering public than is really intended or justified. This is stated 
in particular reference to that part of the paper dealing with the 
boiler and combustion equipment. To illustrate: 

In Table IV the definite and unquestionable fibced chaise item 
on the added cost of the bent tube boiler with large furnace is 
shown to be more than offset by a series of operating credits any 
one of which is subject to a variety of confiicting opinions. Sup¬ 
pose, for example, that the radiant superheaters and reheaters did 
not work out quite as anticipated, and instead of having a furnace 
maintenance credit over the high heat release slag tap furnace of 
$5,700 per year the situation was reversed exactly and the 
credit became a debit. Or suppose, for the same reason, the 
credit of $3,900 per year for better furnace availability became 
a debit instead. Thus, the margin of $9,763 per year over and 
above the fixed charge debit of $12,783 and in favor of the bent 
tube boiler with large furnace might work out to be something 
entirely different even to the point of changing the economics 
of the design selected. 

When an engineering evaluation brings two quite radically 
different designs so close together in worth to the company that 
the difference is measured, as in this case, in terms of the order 
of 1 per cent of the annual fixed and operating charges, then the 
designer might well make his selection purely on the basis of 
which design he thinks will give him, his management, and his 
operators the greatest amount of satisfaction during the life of 
the equipment. 

If more power station designers would present as freely as has 
the author of this paper their Hue of reasoning for evaluation by 
the engineering public it would do much to stabilize features of 
design on which there is now a considerable divergence of opinion. 

A, G* Christie: Milwaukee’s power plants from old Oneida 
Street to Lakeside have all been noted for their contributions 
towards advancing the art of steam station design and operation. 
The new Port Washington Station adheres to this tradition and 
Mr. Post’s excellent paper wiU be studied in detail by power 
plant designers and operators. One is impressed with the pain¬ 
staking consideration given to all equipment and particularly 
by the complete dollar analysis applied to each decision. This is 


good engineering, for little should be left to pure opinion or 
personal preferences unless these actually are justified by the 
economies of the case. 

The decision to install 1 boiler per turbine is justified fully by 
the operating experiences of many plants. The writer has been 
an advocate of this system for years. The size of the units at 
Port Washington and the high , pressure and temperatures em¬ 
ployed are the outstanding characteristics of this 1 boiler per 
turbine plant. 

In selecting boiler pressures, the engineers of this plant had 
the advantage of complete records of the 1,200-lb plant at Lake¬ 
side Station. In view of the excellent performance at this plant, 
one is not surprised at the decision to use this pressure at Port 
Washington, particularly when the various cost analyses indi¬ 
cated savings from the 1,200-lb plant. However, these savings 
are based upon 60 per cent load factor. One may question this 
assumption, for in the past, the average load factors of station 
equipment over their whole useful life falls greatly below tliis 
figure. It is evident that a long operating life is assumed as 
indicated by a rate of 13 per cent for annual fixed charges. If 
Port Washington is to be the base load station of the system, then 
Lakeside will be relegated to peak loads and its fine performance 
records accordingly will suffer. What is the basis for the selec¬ 
tion of 60 per cent annual load factor? 

Mr. Post takes pains to justify the use of 825 dog F steam and 
reheat temperatures. The writer believes that even higher 
temperatures could be fuUy justified. It is certain that special 
metals will be used for 825 deg F and the additional cost of 
materials for 25 to 50 deg F higher temperatures should not have 
been very great while the performances of the station would 
have been improved. One may expect stations operating at 
1,000 deg F within a few years. 

In view of the increasing use of slag bottom furnaces with high 
rates of heat release, the decision to use dry bottom furnaces with 
a heat release of only 15,000 Btu per cu ft will arouse much com¬ 
ment. Operating records of other stations with moderate rates 
of heat release such as Lakeside, Avon Beach, and Ashtabula, 
show low maintenanoe and high efficiency. The decision to re¬ 
tain this construction at Port Washington appears to bo con¬ 
servative. 

The choice of the bin and feeder systems in place of the unit 
system also is contrary to present trends. This paper affords an 
opportunity to the advocates of the two systems to discuss 
thoroughly their merits and disadvantages in the light of recent 
operating results. 

The selection of bent tube boilers with 5 stages of bleeding and 
air preheaters continues Lakeside practice. Prom theoretical 
considerations, this is the proper arrangement of heat recovery 
apparatus in spite of the increasing use of high pressure econo¬ 
mizers. 

Other writers have pointed out the savings in power to the 
boiler feed pump that may be secured by pumping cold rather 
than hot water. The Port Washington plant probably is the first 
apply this idea in practice. This leads to the use of 3 bleeder 
heaters under full 1,600-lb boiler feed pressure and their per¬ 
formance will be followed with interest. In designing these 
heaters as shown in Pig. 3 a new idea of sub-cooling the con¬ 
densate is introduced which Mr. Post claims will improve plant 
economy by per cent. One is led to question why advantage 
has not been taken of providing more counter-current flow at 
the steam entrance to take advantage of the superheat in the 
steam at certain of the upper heaters, to lessen or possibly over¬ 
come entirely the terminal difference of the leaving feed water. 

While many savings are given in the paper, the writer did not 
notice any statement of the expected overall performance of the 
station in Btu per kwhr. Such a statement would be of wide 
interest as undoubtedly it would establish a new standard for 
steam stations. 

In Table VI the station peak capacity is valued at $75 per 
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kilowatt. Is one to infer that this is the estimated cost of the 
new Port Washington Station? 

I. E. Moultrop: The design of the Port Washington Station 
described in the paper again points out the results that can be 
obtained by careful engineering study and intelligent economic 
analysis. While we may not agree with all of the conclusions 
advanced in the paper we know that at least the decisions are 
backed by the best engineering judgment. Many of us agree on 
the selection of the economical pressure for the new station, and 
it is hoped that the authors accomplish what they predict as a 
result of the steam temperature selected. 

As we raise the operating steam temperature nearer and nearer 
the limit of the available materials of construction, the control 
of the steam temperature becomes increasingly important. It 
would be interesting to receive the operating results and to com¬ 
pare them with the design expectations as shown by curve 1. 

If the authors are able to obtain these flat steam temperature 
chanicteristics, they will have solved the major problem that has 
retarded the adoption of steam temperatures above 750 deg F, 
and will have gone a long way toward justifying the abnormally 
large furnaces used in their design. 

We have recently made a careful study of the design of a new 
high pressure reheat station and our investigation showed a lower 
cost per unit of capacity for the cross-compound turbines with 
constant back pressure on the high pressure turbine as compared 
with the straight tandem-compound design. Furthermore, by 
Uio use of multiple-valve high and low pressure turbines and the 
proper heat balance arrangement, the same economy can be ob- 
tiiined above 60 per cent of full load and the difference in economy 
between the two designs is only 1.3 at 46 per cent of full load. The 
constant back pressure design has much to recommend it, and 
should not be discarded without careful study of all the advan¬ 
tages and disadvantages: 

It is believed that The Milwaukee Electric Railway & Light 
Company is the only large utility still using the large “lazy 
flame” furnace with low healf release. Most new installations are 
designed for a heat release of twice that used in the Port Wash¬ 
ington design and our studies indicate that the higher heat 
release designs should be cheaper to build. It will be interesting 
to hear later whether the lower furnace maintenance costs have 
justifled this greater investment. 

We must admit that the control of steam temperatures by 
means of desuperheaters is not all that could be desired, but it 
is workable and offers one solution of the problem. 

The difficulties with, and high maintenance costs for economi¬ 
zers mentioned in the paper were true of the designs of 6 years 
ago, but the designs now offered by the manufacturers have 
eliminated most of the objectionable features. We feel that the 
economizer is an economical form of heat absorbing smfaoe and 
has a place in the design of high pressure installations which 
cannot economically be replaced by the air heater or more boiler 
surface. 

In view of the results being obtained in many stations with 
the unit system of pulverized coal firing, many of us cannot 
agree with the statements in regard to the comparative ments 
of tliis system in comparison with the bin system. We q^uestion 
especially the accuracy of the statement that in commercial 
operation the bin system will show 2.1 per cent better station 
economy than the unit system. We do not believe that this 
statement can be substantiated. . ^ • 

The design of the high pressure extraction heaters used is 
extremely interesting and shows a marked improvement o^^r 
designs used in the past. This design seems to provide a sturdy 
piece of equipment that should be free from troubles and shoma 
not be unduly expensive to construct. The arrangement for 
undercooling the heater drips is an outstanding development. 

Our studies confirm the conclusions of the author that outdoor 
iron-clad switches and structures are more expensive for 25,000 
volts than indoor or combination indoor-outdoor designs. But 


our studies also have indicated that neither vertical nor horizontal 
isolation is justified economically when compared with the latest 
designs of non-isolated construction. 

R. C. Powell: The studies for the design of the proposed plant 
for the San Joaquin Light and Power Coi^oration at Herndon, 
confirm, in general, the conclusions arrived at by Mr. G. G. Post, 
m., that a single boiler and turbine installation operating at 
1,250 lb pressure and 860 deg F maximum temperatures for pri¬ 
mary superheat and reheat is the best economically, all things 
considered, and is as reliable as lower pressures and temperatures. 
Due to favorable climatic conditions, both the boiler and tur¬ 
bine together with some of the heaters at Herndon were to be 
installed outdoors. The capacity for Herndon (75,000 kw maxi¬ 
mum) approximated that of Port Washington. 

Mr. Post’s statement regarding inconvenience in operation 
and maintenance for the vertical compound unit is not confirmed 
by the experience at Station A after 2 years operation with the 
type where the high pressure units are mounted on the low pres¬ 
sure generator. So far as can be determined to date, such umts 
have neither operating nor maintenance disadvantages. 

Mr. Post’s statement as to an investment saving of $250,000 
with 1 boiler over 2, checks very closely with an estimated saving 
at Herndon of $225,000. 

Mr. Post’s conclusions as to the relative costs of bent and 
straight tube boilers are confirmed by our studies, but experience 
at Station A with straight tube boilers does not confirm his con¬ 
clusions that straight tube boilers are deficient in water storage 
and circulation, or do not furnish dry steam even when forced 
severely, also, that there is any difficulty as regards water wall 
connections or in the removal of suspended solids. At Station A 
the load on a turbine unit has been increased from 10,000 kw to 
60,000 kw in approximately 35 seconds, with very little dis¬ 
turbance as regards pressure, temperature, or change in drum 
water level. 

Undoubtedly, the use of coal would have considerable mfluence 
upon the selection of boiler equipment, but, at least with oil and 
gas fuel, the higher investment for a bent tube low heat release 
furnace is not justified. Nevertheless, the cost difference is not 
great and Mr. Post is sound in sticking to something that his 
own experience has proved so successful. 

The writer fully agrees as to the advantages of high pressure 
heaters, although for somewhat different reasons than given. The 
experience at Station A with 1,600-lb pumps taking ^ 

approximately the temperature given by Mr.Post, viz., ^0 deg F 
has been very excellent with no difficulty due to varying tem¬ 
peratures. There is, as mentioned, somewhat better economy by 
pumping at lower temperature, but the real advantage is in t e 
simplicity of one pump as agamst two in series. 

Philip Sporn: The conclusions as regards the mercury steam 
cycle, or even the less tiried Benson cycle, most certainly are 
decisions that are justified fully in the light of the present avail¬ 
able knowledge as to the success, plus or minus, of each of these 
two methods of generation. It is, however, open to question 
whether the conclusion to adopt the l,2C)0-lb, 
cycle was reached after exhausting all other 
example: although a comparison was made 
reheat cycle, no figures are presented for the 600-lb, 825 deg 
non-reheat cycle. If any figures were developed in this connec¬ 
tion, they would be most interesting. 

In connection with the various phases of the heat cycle and 
the effect of fixed charges on them, Mr. Post uses a figure for 
fixed charges of 13 per cent. While this perhaps is adequate, it 
might be pointed out that with money taken at 7 per cent and 
taxes and insurance at 1 per cent, a total of 5 per cent is showed 
for depreciation and/or obsolescence. Under certain conditions 
6 per cent might not be sufficient. It is interesting, too, that 
the savings in fuel figured on the basis of a unit fuel cost of 
$3.80 per ton, would show up entirely differently if the feed 
charges involved in the mining of fuel were taken into considera^ 
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tion. This, of course, was not necessary in connection with the 
Port Washington Station, but obviously it has to be taJcen into 
consideration in a not uncommon case where a plant and coal 
mine are operated as a unit. Again, from the broad national 
economic standpoint, it has a very definite significance. 

The conclusions and the report of the results of the battle of 
storage va. unit system of fuel firing are extremely interesting, but 
it is not quite certain that the battle has been fought entirely on 
fair grounds. It wi^l be noted, for example, by referring to Table 
VI, that the burden of excess investments of the storage system 
in the amount of $59,112 is compensated by capitalizing the peak 
capacity resulting from the smaller electrical demand, at the rate 
of $75 per kilowatt. The writer wonders whether a consideration 
of the entire system as a unit, rather than only this particular 
station would not show that the difference in capacity required 
by the 2 fuel firing systems could not be met several times over 
by excess capacity in the form of overload capacity on running 
turbines, or in the form of standby capacity in idle turbines; 
capacity that would go unused as a result of the saving in capacity 
at this particular plant. If that is the case, it is obvious that the 
credit of $44,400 is not quite a sound credit. 

The electrical phases of the plant with the 3-system of busses 
are extremely interesting, but one wonders whether all the switch¬ 
ing end of the bus work involving a single unit really was con¬ 
sidered indispensable before the final decision was made toward 
its installation. It would be interesting to find out whether a 
scheme was considered which utilized 3-windmg transformers for 
the main power group having a 26.4-kv winding on the low side, 
with a 22-kv auto-tap on this winding, and 132-kv winding on 
the high side. If this did not give proper phase relations, a 
straight 3-wiading transformer could be used. With a 3-windiag 
transformer it would of course be possible to make the 22-kv 
side delta and the 26.4 and 132-kv windings F, with the idea of 
furnishing the present as weU as future local power requirements 
at 26.4 kv. This would eliminate entirely the 22-kv switching 
and have the further advantage of not subjecting the generators 
to any hazards that may result from feeding directly into over¬ 
head transmission lines from the generator temodnals. Again, 
Mr. Post shows reactors behind aU the 22-kv breakers, a further 
item of expense. It is obvious that the elimination of the 22-kv 
bus would have eliminated the necessity for these. As far as the 
effect on the short circuit capacity of the other voltages is con¬ 
cerned, they might have been handed by higher reactance trans¬ 
formers properly distributed among the 3 windings. In trans¬ 
formers of this size it is no great burden to obtain reactances up 
to 22 per cent. It would be interesting to find out whether such a 
scheme was considered and what were the reasons against its 
adoption. 

Keeping in mind that a great deal of money is expended in 
switching, one wonders whether a scheme of tying together the 
auxiliary transformer to the main generator winding without a 
low telision switching was considered and why this was not 
utilized. For example, we have operated our Deepwater Plant 
that way for almost 3 years without any difficulty, and would 
duplicate such an arrangement today. 

In coimection with the splitting of the auxiliary load in 3 
groups, namely, 2,300 volts alternating current, 480 volts alter¬ 
nating current and direct current, and the drawing of the line 
of demarcation between the two alternating current voltages at 
approximately 100 horse power, one is inclined to ask whether 
550 volts was considered and if so, what the reasons were against 
its adoption. Most low tension switching equipment in the 480 
voltage rating permits safe operation at 550 volts, and further¬ 
more, with the newer oiUess switching eqxdpment, the economic 
limit of the lower voltage is closer to 250 horsepower than 100 
horse power and permits a considerable saving by the elimination 
of the 2,300-volt switching equipment. Again, it would be 
interesting to find out why direct current service was adopted for 
the operation of turbine-room elevators, etc., and why it was 


further thought desirable and/or necessary to supplement that 
by battery service. It would appear that this was a refinement 
that could justify itself only in extreme conditions. 

G. G* Posts In his discussion, Mr. E. J. Billings makes two 
suppositions in referring to Table IV, one that if the radiant 
superheaters and reheaters did not work out quite as anticipated 
the furnace maintenance credit of $5,700 per year over the high 
heat release slag tap furnace might become a debit, and the 
other, that for the same reason the credit of $3,900 per year for 
better furnace availability might also become a debit. Admit¬ 
tedly, there might be differences of opinion in various engineer¬ 
ing phases of a plant of new design, such as this, but in the 2 
examples cited by Mr. Billings, The Milwaukee Electric Rail¬ 
way and Light Company feels that it has made no rash assump¬ 
tions for the bases of its calculations. The company has been a 
co-developer of radiant heat absorbing surfaces since 1923 and 
has at its disposal actual operating records and accurate data on 
such surfaces, to say nothing of the experienees gained through 
their use. Actual furnace maintenance costs (including water 
and steam walls) on the 4 high pressure boilers at Lakeside dur¬ 
ing the twelve-months* period ending July 1933, were $10,437 
for 306,593 tons of coal burned, or 3.40o. per ton. The figure 
includes auy and all replacements, none having been changed to 
capital or depreciation accounts. 

As to availability, mention was made in the paper of the 93.7 
per cent which these 4 boilers averaged during 1932. To date no 
comparable record for a boiler with a high heat release slag tap 
furnace has been found. In making the calculation for avail¬ 
ability, it was assumed that the high heat release furnace would 
have an availability of only 2.5 points below that of the low heat 
release furnace;—87 H per oeiit against 90 per cent. 

Mr. A. 0. Christie inquired as to the basis for the selection of 
60 per cent annual load factor for the various calculations in the 
paper. Sixty per cent annual load factor was selected because it 
is expected that Port Washington wiU bo operated at this load 
factor without detrimental effects to the economy at Lakeside. 
High availability, proved possible by the Lakeside high pressure 
units, will assist in obtaining the 60 per cent load factor. Con¬ 
ditions at Lakeside, which will be the secondary plant of The 
Milwaukee Electric Railway and Light Company’s system after 
Port Washington is in operation, are different than would ordi¬ 
narily be expected because there the 1,200-lb cycle capacity is 
only 40 per cent of the total station capacity, the remaining 60 
per cent being straight 300-lb equipment, some of which is over 
10 years old. 

In providing load for Port Washington, the load will in effect be 
transferred from the comparatively inefficient 300 lb section at 
Lakeside. This will tend to improve Lakeside’s overall station 
economy, but also because of having to transfer a small amount 
from its 1,200-lb cycle during low load periods, Lakeside’s overall 
station economy has been considered as remaining the same. This 
is reasonable especially in light of the fact that partial-load heat 
consumption on the Port Washington 1,200-lb cycle (compound 
operation) will be better than it is at Lakeside (constant back 
pressure). The transfer of load will not be as great as it may 
seem at present because by the time Port Washington goes 
into operation the load on the system as a whole will have 
increased. 

In Mr. I. E. Moultrop’s opinion, the 2.1 per cent better station 
economy for the storage system over the unit system cannot be 
substantiated. For Port Washington’s design with its single 
boiler—single turbine, its large air heater without economizer, its 
radiant superheating and reheating surfaces, its higher steam and 
reheat temperatures (850 deg F maximum), and its mill drying 
with flue gas, and for conditions under which the station is ex¬ 
pected to operate, each one of which enhances the difference, the 
2.1 per cent is conservative. In order to show how this total was 
arrived at, the results of calculations for the component items 
follow: 
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All «utaKt» *>r an intiM*rnpium tm any oiio of tho 4 tinll mills considerucl for 
thn Port WusIniiM^ton Installation \voul<l m*ci*s.sltatfO an iniinodiato transfor 
of load l-o <»ldor iMiuiinnoni In another station \vht»ro the hoat consumption 
'svould In* 2,ril)0 Utu imt kilowatt-hour power and coal wtmld cost (Mlc. per 
ton mori'- obviously, the m?ouomics of the ease' dictate opt^rating Port 
Washington to its greatest possihU) t^xtont, A siatonumt by a company 
using both tin* unit ami thostiirugo system on an etpial basis imiuts out that 
in threo montiis' operation it was necessary, due to dilllcitlthts with unit 
mlllM, 1<» reiluc*»» tlte load iin tin* station from ,‘>.tMM) to 12,000 kw on 7 dilferont 
occasions, .shotihl oidy 0 r> per e<*nt of Ikirt Washing ton's total poaslblo 
gc*iu»ratIon have tt» In* tranNr*!rred in a year, IxHiause of Interruiitions, to the 
ptjorer tsinipimmt whose heat tsinHumptloii Is 20 per cent poorer than Port 
Washington's, an 0. L per etmt loss In station economy would result. 


Storage Unit 

^^Ul l^ruim - 

Ufslncetl due gas losses 

One Ui 0 per ta*nt of tin* Hue gas dlscliargtHl to sttick at IHO 

di*g K insteatl tif at *150 deg P.P<»r cent,., 0.3r» 0 

Dm^ to grcitter mean temperalurti diffi'reiico and greater 


Insit alisorpt Ion in air Insitf*r .per cent ...0.40 


Total gain..per cent.. .0.7r> 

<kMil vent loss.per cent,. .0.25 


Net gain tine u> mill drying with Hue gases..per cent.. .0.50 

TtmfH’rttturr’ Varottnm 

a. Ctial fetsi variations withotit hantl atljnstmtuits per cent... 0 10 

h. Variation in (JOa.per cent.., 0 1.7 

c. Variation in rmliunt heat ahsorpl Ion .percent... 0 *20 

d. nhange in reheat temp<*rattire, hlegP) .0 50 

e. Kffeci on siathm isionomy t l per ctnii per 80 tleg K on 

rtdusii altiiie) .....per amt loss... 0.0 

/Vr.wiffr Vftn'u/itrn 

a. Holler pressurt' varlatltm.lb/s<| in. 5 50 

b. t HH*raiing pressurt*. III bt»low ptippliig ptdnt Ib/sn in.50 05 

c. Lesser operalliig pressure ..Ib/sq in. 45 

d. Elftsd oil station <s*tmomy.. « Po** *• 

A r> littittr /*rf/«r«mnrr 

a. Quantity t»f room tiir iis«Hl for tempering air through 


mill . ..percent..0 10 

h. liemdting elftsu t»n llm» gas exit temperature, deg F. 12 

c, <lorr<*si«mdliiK eirin*t on boiler etnclwicy ,. per cent loss... 0. :t 

Sumnutrg 

Cirtsitfir reliability... .. . pm* ccuit 

Mill drying gains ,. .11 • ^ J; 

HVmix*rature variation gains.. .0.0 per cent 

Pressure variation gains.H-Jl 

Ihdter air healer performanee...d-2 per cent 


Total advantage of storage system 


Mr, RhiHp *S|)orn iakiiH oxettp^ioJi to oapitali/ang: thes value of 
the KriUiritT kilowatii domami of the unit system motors at the 
tiino of the station miiintainini' thitt the extra or over¬ 

rating; eapa<uty of this siittion, or of others on the systenit would 
ho suffldent t<> absorb the small increase in demand created by 
these motors* While the iwmient may at first seem reasonablo 
and it may be dimeult to allocate certain station capacity to 
indivitlual loiuls* it must bo admitted that some station capacity 
is retpiirc^d, even for a load as small as that of a residential con¬ 
sumer. That this is recogniased generally^ is attested by the 


“demand chargre” feature of electric service rates. In general, 
load cannot be put on a system without providing station ca¬ 
pacity to carry it. 

Another point mentioned is the omission from the compari¬ 
sons of a table showing figures for the 600-lb, 850 deg P station 
operating without reheat. It was omitted because calculations 
showed that the 600-lb station with reheat effected a $16,100 
larger net annual saving than did the 600-lb station without 
reheat, and therefore, the former was selected in making the 
comparison with the 1,200-lb cycle. Space did not permit 
printing this comparison nor many other interesting studies 
made for the Port Washington station. 

Concerning the electrical features, reference to Fig. 6 will 
indicate that there is in reality but one bus in the station, this 
being the 22,000-volt bus. The 26.4-kv and 132-kv busses are 
for transfer purposes only. All switching is intended to be done 
at 22-kv and transformers are in effect portions of individual 
transmission lines. It was thought desirable to provide a 22,000- 
volt bus to effect economies in switching and to permit industries 
that might locate in the vicinity of the plant to connect directly 
to the bus bars without the need of transformation. This is 
important when it is remembered that such industrial load might 
amount to its much as 150,000 kilowatts. The use of a 22,000- 
volt bus dictated the use of reactors in all the lines except those 
supplying the transformers stepping up to 132 kv. Reactors are 
not necessary in the leads of the 132-kv transformers because the 
phase conductors are isolated. At the Lakeside plant, 10 over¬ 
load transmission lines operating at generator voltage are con¬ 
nected to the station bus through only a few hundred feet of 
underground cable and since no trouble has been experienced we 
do not believe there will be any hazard in similarly connecting 
overhead transmission linos at Port Washington. 

In the auxiliary service 480 volts was used because this is the 
auxiliary voltage at Lakeside and also is a standard voltage on 
the company’s system. The division between 2,300 volts and 
480 volts was made at 100 hp because in the first unit of the 
station it would have cost $5,300 more to have made it at ^0 hp. 

The switching arrangement shown for the first unit is tem¬ 
porary in some respects but is such that it can easily be changed 
to conform to the expected ultimate arrangement. Three-wind¬ 
ing transfonners for the main power group were considered but 
were not adopted because no ultimate saving could be effected. 

We have always considered it desirable to install oil circuit 
breakers between generator leads and auxiliary transformers so 
as to permit the disconnection of such transformers without inter¬ 
ruption to service. The station is being buUt to operate at a high 
availability factor and in our opinion the relatively small addi¬ 
tional expense for disconnecting the auxiliary transformer was 

justified. . . 4 . j 

Direct current service was adopted for certain equipment ana 
backed up with a battery because this system will be used for 
reserve excitation and for driving the pulverized fuel feeders 
supplying coal to the furnaces. It is very desirable m case of 
system disturbances to be able to control the fires accurately in 
order to restore service more promptly. 

























Progress in Three-Circuit Theory 

BY A. BOYAJIAN* 

Fdlow, AJ.E.E. 


Introduction 

FTER some ten years of experience in the applica¬ 
tion of three-circuit theory to a variety of trans¬ 
former problems, some limitations are encountered 
in the application of the elementary theory to certain 
types of problems. The purpose of this paper is to 
point out what these limitations are and how they may 
be circumvented. 

Present Theory 

In a few words, present theory states that, so far as 
load characteristics are concerned, each circuit of a 
three-circuit transformer may be assigned an individual 
leakage impedance, and then no explicit thought need 
be given to any mutual inductive effects between cir¬ 
cuits. Handling of three-drcuit problems is remarkably 
simplified by this theory. It is generally assumed as 
applicable to all single-phase and polyphase circuits. 

Luhtations op the Theory 

According to the above elementary theory, if two 
secondaries have identical impedances with respect to 
the primary, their individual leakage impedances will 
be equal and their simultaneous short-circuit currents 
will be equal and of the same power factor. Common 
sense (rmcritical coirunon sense) also would seem to de¬ 
mand such a concluaon, without any elaborate theo¬ 
retical arguments. Recent experience has shown, how¬ 
ever, that such is not necessarily the case in some 
pol 3 q)hase transformers, and that particular attention 
to symmetry and the balancing of reactances may 
actually cause a large unbalance in load division. It 
is found further that such unbalance may change with 
change in the phase rotation of the excitation. Such 
anomalous behavior calls for a searching inquiry into 
the foundations of both theory and common sense. 
May it not be that we have generalized too far? 

Example 

Fig. 1 shows a transformer with a delta primary, and 
two oppositely zigzagged secondaries. For simplicity, 
assume all the zigs identical and those on each core leg 
perfectly interwoimd, and all the zags identical and 
those on each core leg perfectly interwound. It follows 
that Zab must be identical with Zac. If Zbc, which can 
be any value desired, also is given or calculated, the indi¬ 
vidual three-drcuit impedances of the three branches, 

1. Trans. Engg Dept., General Electric Co., Pittsfield, Mass. 

Presented at the summer eomention of the AJ.E.E., Chicago, 
Illinois, June 26-SOy 1933, 


according to the well-known elementary theory, would 
be 

Za = (.^AB ~ Zzo + Zca)!^ — — (^bo/2) 

Zb = (.^Bc ■“ ■^OA "F •^ab)/2 =* Zbo/2 

Zo = (^'CA ~ ^AB + .2 bo)/2 = 2bo/2 

as shown in Fig. 2. 

There is not the remotest hint in such an equivalent 
circuit that, if both B and C are simultaneously short- 
circuited, their currents may be displaced out of proper 
phase relationship with respect to each other and to the 
primary or that they may be grossly unequal numeri¬ 
cally, or both, as shown by experience. Furthermore, 
there is nothing in such a diagram to indicate the 
possibility of reversal of load division with reversal in 



S. c 

PlQ. 1 


^3 ~ ^Bc/Z 



Fig. 2 


the phase rotation of the excitation, whereby the secon¬ 
dary which, with the former phase rotation, had the 
larger current may now have the smaller current. 

What, could be the explanation of such strange 
behavior? 

Explanation of Phenomena 

A vector diagram may perhaps best serve to make 
this clear. 

In order to simplify the matter, resistance will be 
ignored in this preliminary analysis, as it is included in 
the equations later on. 

If 1, 8 and 5 in Fig. 1 are short-circuited to the 
neutral, the primary exdted, and 2, 4 and 6 treated as 
voltmeter coil terminals, appl 3 dng three circuit equa- 
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tions to the individual coils, instead of to the line 
tenninals, we obtain vector diagrams like those shown 
in Figs. 3a and 3b. 

In Fig. 3a, eai and cm are the three-winding leakage 
impedance drops of coils ai and bi, respectively. The 
dotted vectors Cm' and en are the voltages delivered 
to those coils by the primary to overcome their im¬ 
pedance drops. Note that the total voltage consumed 
per phase (like the resultant of c<,i + eii), and the total 
voltage delivered per phase (like the resultant of 
«ai' + en'), are equ^, as they ought to be, for the short- 
circuit condition; but, the voltage consumed by a coil, 
like e,a, and the voltage delivered to that coil, like eai', 
are not identical. 

The vector diagrams of phases 3 and 5 are con¬ 
structed in the same way as that of 1 . 

In Fig. 3b, the component voltages of phase 2 of the 
idle secondary are shown. Since coil 02 is assumed inter¬ 
wound with Ui, it follows that eai and eai will be the 
same as e„i and e^i'. Similarly, since Ca is interwound 
with C 3 , their component voltages will be identical, and 
thus we get Cei and ed'. The resultant reactance voltage 
■of phase 2 will be ei; the resultant delivered voltage e^'; 
and the resultant measurable terminal voltage (ei' — c?). 
It may be seen that both the magnitude and the phase 
angle of ei will change with changed ratio of eai and e^. 
It also may be seen that the measured voltage, (e*' — es) 
will change in magnitude and phase angle with changes 
in Bi, and may be either in phase, or in advance of, or 
lagging behind, the induced voltage of phase 2 . 

The interesting conclusion follows that, ignoring all 
losses, a zero power factor load in the secondary 1-3-6 
may induce either a leading, or an in-phase, or a lagging 
voltage, in the secondary 2 ^ 6 , depending on the ratio 
■of the individual three-winding reactances of the zigs 
and the zags. That is, the mutual impedance due to a 
wattless current may have either a positive or a nega¬ 
tive power component depending upon whether it is 
leading, or lag g in g behind, the voltage induced by the 
main flux. 

If the reaction of a zero power factor load in the 
secondary 2-4-6, on the other secondary 1-3-5, is 
analyzed, similar to the foregoing, it will be found that 
if the load of the first secondary causes a lagging voltage 
in the second secondary, then the load of the second 
secondary will cause a leading voltage in the first 
secondary, as shown in Fig. 3c. 

It follows from the foregoing that with currents of 
equal magnitude and power factor in the two sets of 
secondaries, their mutual action will tend to advance 
the voltages of one set of secondaries, and retard those 
■of the other set, and will thus introduce a phase angle 
unbalance between the currents of the two sets of 
secondaries, in spite of the fact that the two sets are 
perfectly ssnnmetrical by ordinary criteria. The phase 
angle unbalance may be better recognized if one con¬ 
siders the condition under which it would be absent. 
That condition is that, in Fig. 3b, Sa coincides with 


ei'; and, in Fig. 3c, ei coincides with ei, a condition 
which could be realized by properly proportioning the 
lengths of eai and ed, or of e«i and eji, since, if one pair 
is proportioned properly, the other must follow by 
S 3 nnmetry and interwinding for the present case. Under 
this condition, there will be no tendency for the two 
secondaries to drift from their normal angular relation¬ 
ship with respect to each other. 

In a transformer to which Figs. 3b and 3c apply, if 
both secondaries are short-circuited, the currents in one 
will be advanced, those in the other retarded, with 
respect to their normal individual short-circuit currents. 
Since the normal is zero power factor, it follows from the 
advandng of one and the retarding of the other, that 
there will be a circulating power between the two 
secondaries. 

Under the condition just conridered, that is amul- 
taneous short-circuit with negligible resistance, the un¬ 
balance in the currents will be one of phase angle only. 


3 

/ 

/ 



f 


3 -' 



Pia. 3 


the numerical values being the same. However, if the 
resistances of the windings also are taken into considera¬ 
tion, it will be seen that the drculating kilovoltampere 
will not be in quadrature with the normal share of each 
secondary in their simultaneous diort-drcuit kilovolt¬ 
ampere, but at an angle more than quadrature with 
respect to one secondary, and less than quadrature with 
respect to the other secondary, and thus there will 
result an unbalance in tiie magnitude of the <^ents 
of the two sets of secondaries, as well as in their phase 
relationship. 

If the two secondaries have identical load connected 
across them, their voltage regulations will be foimd 
dissimilar. 

Cbitbrion of Balance or Unbalance 

In Fig. 3d, ex is reproduced from Fig. 3c without any 
change; 62 is reproduced from Fig. 3b retarded through 
the angle d by which phase 2 normally leads phase 1 . 
If in Fig. 3b 62 had coincided with e^; and, in Fig. 3c, 



916 


BOYAJIAN: PROGRESS IN THREE-CIRCUIT THEORY 


Transactions A.I.E.E. 


ei had coincided with ei, then the two vectors in Fig. 
8d would coincide with each other and their vector 
difference would be zero; but, otherwise, of course, not. 
The dotted vector, (A e = Ci — ej /— is therefore tiie 
uiibcdanced vottage which produces a circulating kilovoU- 
ampere between ^ two secondaries. 

This criterion applies whetha* or not the two secon¬ 
daries are sjmunetrical. It also applies to the simpler 
cases, as in a transformer with one Y secondary and one 
delta secondary. 

If the magnitudes of the rated circuit voltages are 
not the same, the vectors of Fig. 3d must of course be 
reduced to the same rated voltage basis. This condi¬ 
tion is of course automatically satisfied if the impedance 
drops are expressed as percentages. If the phase angles 
of the rated circuit voltages are not the same, the vectors 
of Fig. 3d must be corrected for that also, as has been 
done already by retarding et through the an^e (ff) by 
which its phase is normally in advance of the phase of ei. 

Equations for the determination of these vectors are 
devdoped in the appendix. 

Effect of Phase Rotation 

Whether phase 2 or phase 1 is leading, will depend on 
the phase rotation of the excitation applied to the pri¬ 
mary; because, if the phase rotation is reversed, the 
vectors ei and 62 in Fig. 3d will be interchanged, and, 
hence, the circulating kilovoltampere will be reversed, 
and consequently the loading of the two secondaries 
will be interchanged. 

Testing 

The magnitude and phase angle of the mutual 
impedances between the two secondaries for their load 
currents can be determined by test with the aid of 
voltmeters and wattmeters, one set of windings being 
short-circuited at a time. If the vector diagram of the 
normal voltages is known, the determination of the sign 
of the angles measured by the wattmeter is simplified. 
An a-c potentiometOT would be very useful. 

Simultaneous short-circuits on the two sets of 
secondaries would be the quickest means of detmnining 
the presence or absence of balance. 

Another method of determining the mutual im¬ 
pedances is to short-circuit the primary, with excitation 
first on one set of secondaries, and then on the other. 

Condition foe the Dirbct AppiiiCABiLiTY of Theee- 
CiRCUiT Theory 

In generalizing from the foregoing illustration, it 
might appear that the anomalous behavior arises from 
the angular displacement or phase-shift between the 
two secondaries. However, that is not true. If one 
of the secondaries had been in Y, the other in delta, 
with 30 d^ angular displacement between them, the 
strange phenomena mentioned above would not have 
taken place. Or, it might appear that the secondaries 
are six-phase and imply phase transformation, and that 


phase transformation is causing the anomaly. But that 
is not true either. Phase transformation from three to 
six can be obtained by double-Y or double-delta con¬ 
nection without giving rise to any such phenomena. 
Two-phase-three-phase fransformation also may be 
accomplished with double secondaries without involving 
such anomalous behavior. 

These strange phenomena arise under conditions in 
which interconnection or cross connection of phases is 
involved, and said inierconneetion is different in one than 
in the other secondary. For instance, considering 
secondary phases 1 and 2, it may be seen that their 
long coils are on the same core leg, but their short coils 
are on different core legs. 

The truth of the forgoing point of view may be made 
dearer by reviewing the very reasoning on which three- 
circuit theory of polyphase drcmts is based. Those 
familiar with the customary presentation of the subject 
will remember that three-circuit theory is first de¬ 
vdoped based on a single-phase transformer, and then 
the statement is made that what has been said holds 
true of each phase of a polyphase transformer, like a 
single-phase circuit, and is tWefore directly applicable 
to a pols^hase transformer. The generdization as¬ 
sumes, obvioudy, that each leg of the polyphase trans¬ 
former is a pure single-phase circuit, and, consequently, 
if each leg is not a pmre dngle-phase circuit, but conasts 
of an interconnection of phases, the reasoning tmder- 
Isdng the generalization does not necessarily apply to 
it any more. It would, however, apply to each coil 
because coils assigned individual impedances would 
constitute pure single-phase circuits among themselves. 
It must not be assumed, however, that all circuits with 
interconnected phases must necessarily be capable of 
behaving anomalously. 

Since it is not possible to antidpate the infinite 
variety of possible transformer connections involving 
interconnection of phases, how can we state in a general 
way the condition under which the elementary three- 
circuit theory and network are directly applicable to 
them and adequate? Possibly in the following manner: 

Theorems 

1. Single-phase three-drcuit equivalent networks and 
equations are directly applicable to polyphase circuits, 
provided that there is the same an^ar displacement 
between the self- and mutual-load impedances, as be¬ 
tween the normal induced voltages. 

2. When there is no cross-coimection between phases, 
the above condition is satisfied automatically; but when 
such cross-connection exists, the above condition may 
or may not be satisfied. In at least the simpler S 3 ntn- 
metrical cases, the impedances may be so designed as to 
satisfy the above con<htion. 

3. When the condition in (1) is not satisfied, three- 
circuit theory still may be applied, but to the individual 
component coils only, to obtain the resultant voltages 
at the line terminals. 
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Appendix 


General Equations 

Referring to Pig. 1 , with h, h and h, and h, J 4 
and /(i, as percentage currents in the corresponding 
lines; fc„], etc., representing the voltage of Oi as a frac¬ 
tion of the line-to-neutral voltage of phase 1 , etc.; the 
various impedances expressed as percentages to a 
common kilovolt-ampere basis; the resultant per cent 
impedance drop in a representative phase in each sec¬ 
ondary will be, 


+ •2^J'(6lfc!|) H" ZbHpbs) kn^] 


-ffi ^pittbni) knt^Cal ^^plbubi) kbaftfri } 

-|- { Tli2p(a»ai) ka2kal ^i^pianai) ka4^al 


IbZp(jbtJ>l) kbe^bl~ h^pffiibi) kbJCbl } 

in which the quantities within the first pair of braces 
represent the drops in phase 1 due to the currents in 
the secondary B; and the quantities within the second 
pair of braces, the impedance drops in phase ! occa¬ 
sioned by the currents in the secondary C. Similar to 
the foregoing. 


Ca — j -fa ^a2“ “1“ 2'«2 (j,«4 ) ka"^ 

“h Zpieiciil kei^ H- ZcH]$eb) fcca*] 

— IilZp(n.itti) kaikai IlZpietei) kebkct } 

-f- { I\Zp{uxa<i) kalka2~ I^p{atai) kabkai 
- 1 * IbZpicjfii) kcbkci ~ ItZpIfibui) kcbkei } 

These general equations can be simplified a great deal 
in practical eases either by symmetry or duplication of 
coils, or both. For instance, assuming that the long 
and the short coils of B are the duplicates of the cor¬ 
responding long and short coils of C, only two k’s need 
be used: ki for the long coils, and k, for the short coils, 
Furthermore, if all the long coils on each leg are inter¬ 
wound, and similarly all the short coils on each leg inter¬ 
wound, only three coil designations and corresponding 
individual three-circuit impedances need be used: Zp for 
the primary, Zi for the long coils, and Z. for the short 
coils. 2^, 1 ( 0102 ) becomes Zpi, and Zpibiba) becomes Zp,. 


With these substitutions, the foregoing equations 
reduce to, 

61 = {Ii [ZjJci^ ZJci^ -|- ZJk^ ZJc^\ 

— IbZpkJc ,— IzZpkih, } 4" { IsZpik^ 

— I^pkik, -f- IbZpJc,^ — IJZJcJc ,} 

62 = {■^2 [ Z^^ -f- Zik^ -j- Zfjc,^ 4 - Z,k,^ 

— liZpkik, — ItZJkjft, } 4- { IiZpikf 
— I^jJctk, 4" laZpik,^ — IbZpkik ,} 

Further simplification may be effected by combining 
and rearranging the terms as follows: 

61 = { Ji (Zpiki^ -t* Zp,k,^) — (J 3 4* Ii) Zpkje ,} 

4- { liZpiki^ — 2l4ZJcik, 4- IiZp,k ,^} 

S 2 = {It iZpJc^ 4 - Zp,k,^) — (J 4 4* Ii) ZJcj ^,) 

4“ { IiZpik^ — ZltZJcJc, 4- liZpJc? } 

In general I 3 and Is may be assumed as symmetrical 
with h and expressed in terms of Ji; similarly, I 4 and 
Ii may be assumed as symmetrical with I 2 and expressed 
in terms of I 2 , so that only two independent currents, 
Ii and Ii, need appear in the equations. Then, if ei 
and 62 are given (as, for instance, for simultaneous diort 
circuits Si and 62 are the respective no-load phase 
voltages) then Ii and I 2 may be solved for, vectorially. 
Or, if Ii and I 2 are given, then Ci and (the vector 
voltage drops in the respective phases), and hence the 
regulation of the two sets of secondaries, may be 
calculated. 

The voltage unbalance resulting from normal sym¬ 
metrical balanced currents in the two sets of secondaries 
will be 

ei - 62 LlI = Hi - -fi LlJ.) 

— 2 (I 4 — liLnA) Zpkjc, 4" (Ii ~ Ib / ~..-) Zp,k,^ 

For perfect balance between the two secondaries, the 
foregoing equation must be equal to zero. Accordingly, 
Uktik, and 6 are given, the proper ratio of Zp,Z i, ^d Z, 
may be determined to make the equation zcto. Since 6 
is dependent on the relative length of I and s coils, it 
will be found that Zp may be cancelled out in the fore¬ 
going when Zpi is replaced by (Zp 4" Zi), and Zp, re¬ 
placed by (Zp 4 - Z,). 



The Polarity Factor in the Kindling of Electric 

Impulse Sparkover Based Upon Lichtenberg Figures 

BY C. E. MAGNUSSON* 

Fdlow, AJ.B.B. 


Synopsis.—The paper presents the results of a photographic 
study of successive steps in the kindling process of impulse sparkover 
in unsymmeirical dielectric fields. The photographs confirm the 
theory, established by the bending of the electric figure streamers when 
formed under stress of the magnetic field, that electrons primarily are 


the active elements in the kindling mechanism. The figures also 
indicate that in a field of ionizing potential gradient the bridging of 
the sparh-gap (10,5 cm) is due largely to extension of the streamers 
or channels from the positive electrode; and that space charges affect 
the impulse-sparhover process. 


Inteoduction 


T he effects due to polarity in high voltage electric 
phenomena have not received attention commen¬ 
surate with their importance. By far the greater 
number of investigations by engineers on the nature of 
high voltage discharges have been made on ssnmmetrical 
or homogeneous dieleeWe fields; using electrodes es¬ 
sentially of the same size and shape: two like needle 
points, two spheres of the same size, or two parallel 
wires of like diameter. Comparatively little work has 
been done on unsymmetrical or non-homogeneous fields, 
using electrodes differing in size and shape as 
needle point to sphere, needle point to plane, sphere to 
plane. Moreover, no equations or quantitative rela¬ 
tions have been developed for correlating the like elec¬ 
trode experiments to conditions of unsymmetrical di¬ 
electric fields, as existing with electrodes differing in size 
and shape. 

Extended investigations by engineers on high voltage 
phenomena relate, in the main, to alternating currents, 
largely because the most urgent need for more informa¬ 
tion on electric discharges, as corona and sparkover, 
developed in connection with tiie rapid expansion of 
alternating euirent, electric power systems. Interest 
has been primarily centred on high tmision problems 
relating to the design and operation 'of alternating 
current transmission ss^stems, particularly with refer¬ 
ence to corona and to transient electric phenomena 
caused by switching and by lightning. But even for 
alternating currents very little is known about the 
mechanism of sparkover, corona and other forms of 
electric discharges. The experimentally determined 
quantitative relations for producing corona, sparkover 
or other forms of electric discharges still are expressed, 
at best, by empirical equations that apply only under 
limited, specified conditions. Reliable experimental 
data that may be used as a basis, even for empirical 
solutions of direct or unidirectional, high-voltage, elec¬ 
tric-discharge problems, are meager and for many cases 
entirely lacking. 

‘Professor of Mee. Engg. and Director of the Engg. Experi¬ 
ment Station, University of Washington, Seattle, Washington. 

1. Forreffflrenoes see bibliography. 
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In lightning investigations the polarity factor has of 
necessity received much attention, but the lack of 
adequate basic information on the nature of, and the 
difference in, the mechanisms of the mr breakdown 
process at the positive and the negative electrodes has 
made it impossible to interpret the accumulated data 
satisfactorily. 

The experiments described in this paper were made 
in order to obtain photographic evidence relaMng to po¬ 
larity effects for electric impulse-sparkover in unsymmet- 
rical or non-homogeneous dielectric fields. In order to 
keep the experimental conditions as simple as posable, 
the investigation was limited to the initial or kindling 
stage of impulse-sparkover and the energy content of the 
impressed potential impulse was kept very smaU to miv/i- 
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mze, as much as possible, the thermionic effects. This 
implies that the duration of the electric impulse at peak 
voltage must be made very ^ort—a microsecond or 
lessr-and that, in orda- to stop the sparkover process at 
any desired point, the quantity of energy discharged 
must be correspondingly small. The electric impulses 
either were strictly non-osdUatory or had very slight 
polarity reversals. The potential impulses, as deter¬ 
mined by cathode-ray oscillograms, had wave fronts of 
approximatdy microseconds and of very short peak 
duration. However, the time required to form the elec¬ 
tric figures is only a fraction of a mionsecond; the 
velocity of formation, according to Pedersen,® being 
approximately 4 TO’ <an per sec. 
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To obtain strictly non-oscillatory impulses of steep 
wave front, of high voltage and short time-duration, is a 
difficult laboratory problem. This is evidenced by 
attempts to explain reversal of polarity in the figures as 
being due to a backwash or reaction^ from the space- 
charges produced during the initial stage of the figure¬ 
forming impulse. The complete absence of any 
reversal at either electrode, as shown in Figs. 6, 6, 7, 8 
and 9, proves that this assumption is not well founded. 

The usual method of inserting resistance in the dis¬ 
charge circuit to prevent oscillations cannot be used to 
advantage, as the resistance affects the steepness of the 
wave front and the resulting forms of the deetric figures. 
Non-oscillatory discharges having the desired steep 
wave fronts were obtained; by thoroughly grounding one 
of the terminals connected to the photographic plate; by 
having as little inductance as possible in the ^scharge 
system; and by using a trickling charge process in raising . 
the sphere-gap to the required sparkover potential. 
The automatic series discharge from parallel-charged 
circuits, generally used in high voltage impulse genera¬ 
tors, could not be used, as the resulting figures indicate 
oscillatory discharges. 

In order to record photographically the effects pro¬ 
duced by the polarity factor in electric impulse spark- 
over, two types of electrode arrangements were used. 



Fia. 2—J>H<JTOouA!*Hic Plate with Barrieii 


1 . A barrier, after Marx,® placed near one of the two 
like electrodes forming an obstruction in the direct 
sparkover path. 

2. Electrodes differing in size and shape. 

Barrier Experiments 

A cross-section of the plate holder, with photographic 
plate in position is shown in Fig. 1. The ends of the 
2 electrodes, cylindrical rods 0.2 cm in diam, spaced 
10.5 cm apart, and attached to the cover of the holder 
are in contact with the emulsion surface of the photo¬ 
graphic plate (Eastman Speedway). 

A glass barrier, 4 cm long, 0.5 cm high and 0.2 cm 
thick was placed on edge near one electrode so as to 
form an obstruction in the direct sparkover path, as 
shown in Fig. 2. The barrier was firmly attached to the 
photographic plate by means of bakelite cement. 

The ohmic resistance of the emulsion film on the 
photographic plate (Eastman Speedway) at room 
temperature, measured by low voltage galvanometer or 
Wheatstone bridge methods; was found to be very high, 
approximately one-tenth that of the glass itself. For 


continued application of even moderate voltages the 
resistance of the emulsion film decreases rapidly. 

The sharpness of outline of the electric (lichtenberg) 
figures, as well as the marked tendency of the sparkover 
path, produced by impulse potentials, to follow the 
emulsion film surface in preference to more direct and 
considerably shorter routes through the surrormding 
air, may indicate that the air resistance at the plate 



Diam of spheres: 25.4 cm and 10.0 cm, respectively; Rix 2,000 to 100,000 
megohms; i?s: 254 megohms; C*t: variable, from 100 to 1,400 microfarads. 
Section I>Ii: non-oscillatory discharge circuit 


surface is less, or that ionization occurs more readily on 
or very near to the film surface, than in the open air 
space. 

The presence of the photographic plate in the space 
near the electrodes necessarily affects the distribution of 
the dielectric flux. The higher permittivity of the 
photographic plate (glass and emulsion film) combined 
with the modified ionizing properties of the air layer in 
contact with, or very near to, the film surface probably 
affect the potential gradient of the impulse wave and the 
resulting paths or figures. The circuit diagram for the 
electric figures illuslrating this paper is shown in Fig. 3. 



Fia. 4 —Point Electrodes, Spaced 10.6 Cm 
Air pressure: 20.0 cm He: spark gap: 2.00 cm 


The d-c power supply consisted of 21 condensers 
charged in 3 parallel groups, but connected in series 
during the discharge operation. The enwgy charge that 
produced the electric figures was transmitted from the 
supply at B, to the sphere spark gap, through the high 
resistance Ri (from 2,000 to 100,000 megohms); in¬ 
creasing the potentiad at the point D until the spark 
gap discharged to ground. With the supply voltage 
sufficiently high, a rapid succession of sparkovers would 
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oectir. The switch, S, was kept closed, short-circuiting 
the plate holder, except during the discharge of a single 
sparkover, which produced the desired non-osciUatory, 
electric figures on the photographic plate. For most of 
the photographs illustrating this paper, only the energy 
stored in the sphere gap itself (approximately 2.10“® id) 
entered into the discharge. 

The potential of the impulse wave is expressed in 
terms of the main drcuit spark-gap spacing, which 
could be definitely measured, instead of in computed 



Fig. 6 — ^Ain Pbbsstikb; 30 Cm Hg, Electrodes Spaced 10.6 Cm 


to be essentially the same throughout the range covered 
by the experiments. 

To distinguish more readily the effects resulting from 
a barrisT placed in the direct sparkover path a pair of 
dectric figures produced by arrested sparkover betwwn 
point-electrodes (symmetrical dielectric fields, and with¬ 
out barrier), is shown in Fig. 4. 

With a glass barrier firmly attached to the emulsion 
smrface, as shown in Fig. 2, and by pladng the plhtes 
in the holder, so as to have the barrier at either the 
positive electrode, as in Fig. 6, or at the negative 
electrode, as in Fig. 7, several series of exposures were 
made; with impressed impulse-potentials, duration of 
peak-potentials and air pressures the variable factors. 
The photographs obtained give evidence that not only 
the impulse potential and air pressure affected the form 
of the dectric figures but likewise the duration of the 
peak potential, or the quantity of energy rdeased by the 
discharge. 

At the higher air pressures and for producing complete 
sparkover, the energy content of the discharge was 
varied by means of the condenser Ci, Fig. 3. The sue- 


Barrier (4 cm x 0.5 cm) 0.8 cm from negative electrode. Circuit spark 
gap: 2.5 cm 


kilovolt, because the space-charges formed at the plate 
holder dectrodes and in, the spark gap introduced 
variations, the magnitude of which could not definitely 
be determined. 

The non-oscillatory discharge circuit. Fig. 8, produced 
impulse-sparkovers of steep wave fronts and of small 
energy content. However, although the endgy content 
was small, the dectric power, during the discharge, was 
large as the time in which the figures were formed was 



Fig. 6 —^Air Pressure 18 Cm Hg; Electrodes Spaced 10.6 Cm 

Barrier (4 cm x 0.6 cm), 0.7 cm from positive electrode. Oirciiit spark 
gap: 1.2 cm 


very short, in the order of 10~^ seconds. For the dis¬ 
charges at atmospheric pressure more energy was re¬ 
quired, which was provided by means of the variable 
condenser Ci. Several sets or series of exposures, for 
varying impulse potentials, were made at pressures 
of 18, 30, 50 and 76 cm hg, respectively. Although the 
change in air pressure caused wdl known modifications 
in the size and appearance of the dectric figures, the 
kindling mechanism of the sparkover process appears 



Fig. 7 — ^Air Pressure: 36 Cm Hg, Electrodes Spaced 10.6 Cm 

Barrier (4 cm x 0.6 cm), 0.7 cm from negative electrode. Circuit spark 
gap: 4.0cm 


cessive steps, or stages, in the electric discharge figures 
were obtained by adjusting the discharge circuit so that 
the energy content of the impulse recorded had just 
spent itsdf at the desired point in the sparkover process. 

The effects produced on both the negative and pod- 
tive Lichtenberg figures by a barrier placed in the direct 
path between the electrodes, as illustrated in Figs. 5 
to 9 induave, are in full accord with the bade principle 
that electrons and not podtive ions form the active 
elemaite in the kindling mechanism of electric impulse- 
sparkover. Specifically it is assumed: 

1. At the negative electrode: that at the start, or 
during the initial step, (formation of the negative elec¬ 
tric figure) electrons are projected away from the negar 
tive electrode.*® 

2. At the podtive electrode: that at the start, or 
during the initial step, (formation of the podtive elec¬ 
tric figure) dectrons move towards and fall into the 
podtive electrode, as suggested by Nipheri (1910), by 
Yoshida® (1917), and experimentally proved® in 1930 
by the bending of the streamers of the eleeWe figures, 
when formed under stress of the magnetic field. 
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8. That the positive streamers develop away from 
the positive electrode'^ (the electrons moving towards 
the positive electrode), as long as the potential gradient 
at the tip of the streamer is suflBciently high to produce 
ionization. 

4. That the positive streamers during the formative 
stage (ionization by collision) are paths or channels of 
comparatively low resistance. 

The effects of the barrier, on both the negative and 
positive figures, are in fifil accord with the above 
assumptions. 

First. If the barrier is near the negative electrode, 
as in Figs. 6 and 7. In no case did electrons pass under 
or through the barrier. The parts of the negative figure 
appearing on the left side of the barria* in Figs. 5 and 7 
are not an extension of the electron stream originating 
at the negative electrode. It is evident that, if the po¬ 
tential gradient of the impulse be of intensity sufficient 
to produce ionization on the left side of the barrier, 
the negative streamers would be formed outside the 
barrier. Hence, the negative streams segments, al- 



Fig. 8 —^Aib Pbbssurb: 18 Cm Hg, Electrodes Spaced 10.6 Cm 

Barrier (4 cm x 0.6 cm), 0.7 cm from negative electrode. Circuit spark 
gap: 1.4 cm 


though appearing on both sides of the barrier, are 
formed independently but by the same process, namely: 
ionization and projection of electrons radially away 
from the negative electrode. 

Second. If the barrier is near the positive electrode, 
as in Figs. 6 and 9, the effects are strikingly different. 
It is evident that the streamers passing around the cor¬ 
ners of the barrier can not be formed by ions pro¬ 
jected from the positive electrode. On the assumption 
that the positive streamers are formed by electrons 
moving towards, or falling into, the positive electrode it 
becomes dear why the streamers pass aroimd the ends 
of the barrier. Only at the tips of the positive streamers 
(paths or channds of low resistance), would the poten¬ 
tial gradient be of sufficient intensity to produce ioniza¬ 
tion and thereby cause extension of the positive streamer 
channels towards the negative electrode. 

The initial formation of the electric figures may be 
considered as the first step or stage in the impulse-spark- 
over kindling process. Under critical potential gradient 
conditions, an increase in the energy content of the 


impressed impulse, or a slight increase in the impressed 
impulse peak-potential, or a decrease in the air pres¬ 
sure, produces marked extoision of the positive 
streamers towards the negative electrode, with com¬ 
paratively little increase in the size of the negative 
figure, as illustrated by Figs. 7, 8 and 9. That the ex¬ 
tension of the positive streamers or channels comes after 



Fig. 9 —^Air Pressure: 17.1 CmHg, Electrodes Spaced 10.5 Cm 

Barrier (4 cm x 0.5 cm), 0.6 cm from posilive electrode. Circuit spark 
gap :2.4 cm 


the formation of the negative figure is evident from the 
photographs, as in Figs. 4 and 9 which indicate that the 
filaments or terminals of the positive streamers were 
superimposed on the negative figure. The presence of 
the barrier in Figs. 8 and 9, produces distortions in the 
figures but it still apx>ears tW, whether the barrier is 
near the positive or the negative electrode, the spanning 
of the intawening gap is accomplished largely by the 
extension of the positive-figure channels with little, if any, 
increase in leng^ of the negative streamers. 

It should be noted also, that in arrested sparkover, 
as in Figs. 4 and 9, the positive streamers do not reach 
the negative electrode but end or spread, as more or less 



Fig. 10 —^Pointed Electrode Negative. Electrode 
Spacing: 8.2 Cm 

Air pressure: 60 cm Hg. Spark gap: 1.6 cm 


distinct branches or filaments, in the outer radial half 
of the negative Ldchtenberg figure. The spreading of 
the filaments is due probably to a negative space charge 
at the periphery of the negative figure in combination 
with a positive space charge surrounding the negative 
electrode. If the peak potential of the impulse is suffi¬ 
cient in magnitude and duration to overcome the posi- 
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tive space charge near the negative electrode, the posi¬ 
tive streamers extend to the negative electrode and form 
a continuous conducting path of comparatively low 
retistance, which may develop into complete breakdown. 

Electrodes Differing in Size and Shape 

A large number of discharge photographs were taken, 
with impulse potential, energy content and air pr^ure, 
as variables, for several sets of electrodes differing in 
aze and shape. Under the conditions required for pro¬ 
ducing a photographic record the electrode forms that 
can be used are limited by the presence of the glass 
plate or film to point-point, point-line (straight or 
curved) and modified point-plane forms. 

In Pigs.'10 and 11, the spark-gap consisting of a small 
pointed electrode and a straight edge with rounded 
comers determines the flux distribution of the unsym- 
metrical dielectric field. These figures were selected as 
typical from a series taken at constant air pressure (60 
cm Hg) and spacing (8.2 cm) with impulse potential 
variable. 


of the positive streamers. A point-plane sp^k pp in 
contact with a photographic plate is shown in Figs. 12 
and 13. One electrode consisted of a brass plate or bar 
having slightly rounded edges, placed on top of the 
photographic plate with the plane surface at right an^es 
to the emulsion film. The other electrode was a cylin¬ 
der of 1 mm diam having one end in contact with the 



Fig. 12—Point Electrode Negative. Electrode 
Spacing: 9.6 Cm 

Air pressure: 40 cm Hg. Spark gap: 3.96 cm 



Pig. 11—^Pointed Electrode Positive. Electrode 
Spacing: 8.2 Cm 


emulsion surface. The combination may be considered 
as equivalent to a gap of physical form in between that 
of point plane and point line. The presence of the 
photographic plate also modifies the distribution of the 
dielectric flux in the intervening space, as compared to 
an ordinary air-filled, point-plane spark gap. 

In Pig. 12, with the plane surface positive, a number 
of streamers are formed and a single positive streamer 
extends to the negative figure but does not reach the 
negative electrode. With the point positive, as in Fig. 
13, three positive streamers completely span the gap, 
although the impressed impulse potential was slightly 
lower than in Fig. 12. In Fig. 13, with the plane surface 


Air pressure: 50 cm Hg. Spark gap: 1.4 cm 

The assumptions made for the preceding barrier 
experiments likewise apply to Figs. 10 to 14. The first 
step in impulse sparkover is the formation of Lichtenberg 
figures, the shapes of the electrodes greatly affecting 
the respective sizes of the positive and negative figure. 
In the second step, as shown in Figs. 10 and 12, the 
poative streamers increase in length and bridge the 
space between the initial electric figures formed around 
the two electrodes. It should be noted (Fig. 10) that 
the positive streamer, on reaching the space covered by 
the previously formed negative figure, divides into 
several filaments spreading the outer radial half of the 
negative figure, but not extending directly to the nega¬ 
tive elee&ode. 

With the pointed electrode poative, as in Fig. 11, 
the positive streamers extend over a much larger part 
of the electrode spacing than with the pointed electrode 
negative, as in Kg. 10. As noted under the barrier 
experiments the negative figure streamers are formed 
mainly during the initial stage or step in the process; the 
part of the sparkover gap being bridged by extension 



Pig. 13—^Point Electrode Positive. Electrode 
Spacing: 9.5 Cm 


Air pressure: 40 cm Hg. Spark gap: 3.90 cm 

the negative electrode, the negative figures are very 
small—^barely visible, while with reversed polarity as 
in Fig. 12 the positive Lichtenberg figures are large and 
sharply defined. 

This markedly different extension characteristic of 
the positive, as compared to the negative streamers, 
may be, and probably is, the basic cause for the wide 
difference in sparkover potentials, for point-plane*-* 
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spark gaps, under reversed polarity conditions. It is 
evident that complete sparkover would occur at lower 
sustained peak potentials for point positive and plane 
negative, as illustrated by Fig. 13 than for the point 
negative and plane positive combination, as in Fig. 12. 

Space Charges 

In a notable investigation* (Kerr cell electro-optical 
shutter) on. static breakdown of short spark gaps (1.25 
to 10 mm) Dunnington finds that space-charges in the 
gap iwe important factors in the sparkover process. 
Space-charge distribution is shown for two types of 
breakdown under specified conditions. He also notes 
Z.c., p. 1545) that the multiplicity of filament fre¬ 
quently observed in the later stages of the breakdown 
occurs in the spaces occupied by the negative charges. 

It appears probable that similar space charges will 
be formed under impulse sparkover conditions; that 
immediately after the impulse discharge producing 
Lichtenberg figures, as in Fig. 4, a positive charge sur¬ 
rounds the negative electrode, a negative charge covers 
the outer radial part of the negative figure with a posi¬ 
tive charge in the region of the positive streamers. 
Several observed effects, as the positive figure streamers 
of electric figures formed by two successive impulses do 
not overlap; or the extension of the positive streamers 
with the spreading of the streamer tips over the outer 
radial section of the negative figures, as illustrated in 
Figs. 4, 9, 10 and 12, may be explained on the above 
assumptions. 
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Discussion 

F. O- McMillans Doctor Magnusson’s contention that the 
effects due to polarity in high-voltage phenomena have not 


received the attention, commensurate with their importance cer¬ 
tainly is well taken. He calls attention to some of the electrodes 
that produce symmetrical dielectric fields and have been ex¬ 
tensively studied by engineers^ and further enumerates some of 
the electrodes that produce unsymmetrical fields and need to be 
investigated in much more detail. The electrodes named in the 
list of those producing unsymmetrical dielectric fields are all 
very important, but one that produces a distorted field and which 
is very important, because it is so generally used for high-voltage 
measurements, has not been specifically mentioned. Attention 
should be directed to the use of 2 spheres of the same size with 1 
sphere grounded for measuring alternating and impulse voltages, 
The importance of considering this electrode combination is 
shown by the fact that practically all high-voltage laboratories 
employ grounded circuits for both alternating and impulse voltage 
tests, and use grounded sphere-gaps extensively for making high- 
voltage measurements. 

It is recognized generally that a grounded sphere gap does not 
have a symmetrical dielectric field even when used in accordance 
with the Standards of the A.I.E.E. for the measurement of test 
voltages in dielectric tests. The distortion of the field is shown 
clearly by the experimental fact that the sparkover voltages for 
all but the relatively close sparking distances are lower with 1 
sphere grounded than with both spheres insulated, and the further 
fact that this difference between the grounded and ungrounded 
sparkover voltages becomes greater as the ground plane is brought 
nearer to the spark-point of the grounded sphere. Notwithstand¬ 
ing these well known data showing the grounded sphere gap 
dielectric field to be seriously distorted, unidirectional impulse 
voltage measurements, made with grounded sphere gaps and 
evaluated by the use of the low frequency alternating voltage 
calibration curves for such gaps, have been almost universally 
used and accepted. 

In September 1930 a paper^ was presented before the Pacific 
Coast Convention of the A.I.E.E. in which data were given 
showing the polarity characteristics of grounded sphere gaps for 
both 60 cycle and impulse voltages. See Tables IV to VIII and 
Figs. 9 to 14 in the above paper. These data show that 60-cycle 
ssrmmetrioal voltages spark over grounded sphere gaps on both 
polarities only at relatively very close sparking distances, at 
intermediate spacings sparkover always occurs when the un¬ 
grounded sphere is negative and at wide separation, beyond the 
sparking distances recommended by the Standards of the 
A.I.E.E,, there is a rather abrupt transition where the negative 
sparkover voltage becomes greater than the positive and for 
sparking distances greater than this critical spacing grounded 
sphere gaps always spark over when the ungrounded sphere is 
positive. This phenomenon, sparking over on 60-cycle sym¬ 
metrical voltage only when the spheres have definite polarity 
relationships, shows conclusively that the positive and negative 
sparkover voltages must be qxiite different for the sphere separar- 
tions that select one sparkover polarity continuously, otherwise 
grounded sphere gaps would spark over on either polarity in¬ 
discriminately at all sparking distances. The grounded sphere 
gap sparkover data obtained with unidireotional impulse voltages 
of both polarities show excellent correlation with the 60-cyele 
data. At relatively short sparking distances no appreciable 
difference was found in the positive and negative ipapulse spark¬ 
over, at intermediate spacings the sparkover voltage was lower 
when the ungrounded sphere was negative than when it was 
positive and at long sparking distances (considerably longer than 
one sphere diameter) the negative sparkover rapidly approached 
the positive value, became equal to it, and then increased to a 
value considerably larger. The ma x i, mum differences observed 
between the positive and negative sparkover voltages are very 
much larger than the permissible errors of measurement in high 
voltage testing. The error is especially large near the upper limit 

1. The Influence of Polarity on High-Voltage Discharges^ by F. O. 
McMillan, A.I.B.E. Tbans., Vol. 60, March 1931, p. 23. 
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of the range of sparking distances recommended by the Standards 
of the A.I.E,E. Therefore, calibration curves for each polarity 
are necessary when grounded sphere gaps are used to measure 
both positive and negative unidirectional impulse voltages. The 
work that has been done indicates that the present standard 
alternating voltage calibration curves are <iuite accurate for 
impulse voltages when the ungrounded sphere is negative, but 
the positive values of voltage indicated by the use of these curves 
are much too low. The latter is especially true when voltages are 
measured near the Tnfl.TriTmiTn recommended sparking distance for 
a particular size of spheres. 

The polarity phenomenon exhibited in the sparkover character¬ 
istics of grounded sphere gaps, when used to measure 60-cycle 
symmetrical alternating voltages, apparently is limited to scien¬ 
tific interest only at the present time. A low frequency alter¬ 
nating voltage will only very rarely, if ever, be increased at a 
sufficiently rapid rate to obtain a very large difference in crest- 
voltage between successive waves of opposite polarity; therefore, 
a grounded sphere gap measures such voltages satisfactorily even 
though there is a marked diffm^ence in the positive and negative 
sparkover voltage. 

In the discussion of the difficulty of obtaining non-oscillatory 
impulses of steep wave front. Doctor Magnusson refers to a 
theory of the formation of Lichtenberg figures given in the paper 
previously discussed.^ The part of this theory explaining the 
formation of the small superimposed figures of reversed polarity, 
by the action of the voltage gradient produced by the residual ion 
space charge that remains when the electrode potential is re¬ 
moved quickly, after an unidirectional impulse figure is formed, 
is not well founded. This opinion is reached because it is con¬ 
cluded that Figs. 6,6,7,8, and 9, formed by point electrodes with 
barriers, in various positions, do not show any reversed figures 
superimposed on the original figures at either electrode. It 
should be pointed out that the theory was developed to explain 
the behavior with the usual - electrode arrangement used in 
klydonographs and surge-voltage recorders, that is, a point to a 
relatively large insulated plane or cylinder with the point resting 
on the photographic emulsion and the plane directly back of it 
on the opposite side of the filTn or plate. The Lichtenberg figures 
cited were formed between two point electrodes with relatively 
wide separation and both located on the emulsion side of the 
photographic plate. This arrangement will alter greatly the flux 
distribution and electrode gradient, and make it necessary to 
apply a higher voltage to produce a given figure size. This in 
turn probably materially reduces the size of the superimposed 
figure, of reversed polarity, that can be formed by the residual 
space charge. Notwithstanding this fact, it is difficult to con¬ 
cede that these Lichtenberg figures do not have small reversed 
figures especially at the positive electrode. The half-tone repro¬ 
ductions, no doubt, have lost much of the detail shown in the 
original photographic negatives; however, around the point of 
cont^t of the positive electrode, shown by a black spot in the 
half-tone reproduction, it will be observed that there is a small 
bright white ring that shows much greater photographic exposure 
than any other portion of the positive figure. Investigations 
carried on in 1930 led to the conclusion that this intense exposure 
area on the positive figure is actually a small superimposed nega¬ 
tive figure. It is difficult to account for this area in any other 
way, because it can be increased in size without discontinuity by 
increasing the rate at which the potential is reduced on the elec¬ 
trode after the initial figure is fully formed, and it can still fur¬ 
ther be incicased in size by actually reversing the electrode po¬ 
tential. As the latter is done the superimposed negative figure is 
much larger than the applied reversed negative voltage could 
possibly form, as determined by the negative calibration curve 
for the klydonograph. Furthermore, the negative figure definitely 
follows the previously formed positive striations showing that the 
residual positive space charge actually assists in the formation of 
the superimposed negative figure if the reversal occurs before the 


positive space charge ions have been dissipated by recombina¬ 
tion. This phenomenon is shown by the Lichtenberg figures in 
Fig. 1 of the 1930 paper. Unfortunately this figure has lost much 
of the detail contained in the original films because of reproduc¬ 
tion; however, this action can be seen even in the half-tone figure 
by careful observation. 

The absence of small superimposed positive figures on the nega¬ 
tive figures in Doctor Magnusson’s paper is not surprising, be¬ 
cause they frequently fail to develop and only appear under the 
most favorable conditions. This difference in the superimposed 
figures may be accounted for by the following theoretical con¬ 
siderations which appear to explain what happens fairly well. 
During the formation of the original positive figure the electrons 
and negative ions, which in general have small mass and high 
mobility, are swept by attraction toward the positive electrode 
and those reaching it are absorbed or neutralized by conduction. 
The positive ions resulting from ionization by collision in the 
striations around the electrode are massive and immobile and 
are repelled relatively very slowly by the electrode potential. 
When the electrode potential is quickly removed this positive 
ion space charge predominates, and the electeode becomes nega¬ 
tive with respect to it, forming a small negative figure on the 
original positive when the applied voltage exceeds approximately 
twice the TnitiimiiTn figure forming voltage for the klydonograph. 
When the initial figure formed is negative instead of positive, the 
fast electrons and negative ions are swept outward away from 
the negative electrode leaving the relatively immobile positive 
ions, produced by ionization by collision in their wake, to be 
attracted toward the electrode. When the negative electrode 
potential is quickly removed, the residual space charges are very 
much nearer tlie same value than they were when the electrode 
was positive because of the low mobility of the attracted positive 
ions. Therefore, the mobile outer negative space charge is at¬ 
tracted Into the immobile positive space charge surrounding the 
electrode when the repulsion of the electrode is decreased, and a 
large part of the ions constituting the two space charges are 
neutralized by recombination leaving only a very small residual 
negative space charge to reverse the gradient around the elec¬ 
trode. Therefore, the reversed Lichtenberg figure only forms 
over a negative figure xmder the most favorable conditions. 

It has been shown conclusively by means of the cathode ray 
oscillograph that a conductor in corona at 60 cycles has around 
it a residual ion space charge large enough to initiate corona at 
zero conductor voltage when the applied voltage is slightly 
more than twice the visual critical corona voltage. If the applied 
voltage is increased to a value higher than this, corona is initiated 
by the residual ion space charge before the conductor potential 
reaches zero and, therefore, at a time when the conductor poten¬ 
tial is in actual opposition to the corona formation. That is, 
during the normal rise and fall of potentijal in one-half cycle, 
both positive and negative corona are produced around the con¬ 
ductor in succession. (P. W. Peek, Jr., Law of Corona and Dt- 
eUctric Strength of Air IF, Teansactions A.I.E.B., p. 1007,1927. 
Lloyd and Starr Corona Lose Measurements by Means of the 
Cathode Ray Osdllograyh, Transactions A. I. B.B., 1927, 
p. 997.) 

The formation of Lichtenberg figures is largely an ionization 
by collision or corona phenomena. The usual klydonograph or 
surge-voltage recorder for measuring voltage by the formation 
of Lichtenberg figures, is so constructed that from 3 to 5 kv will 
produce sufficient ionization to form figures. In the light of these 
known corona space charge phenomena, superimposed Lichten¬ 
berg figures would be expected to form at voltages slightly in 
excess of twice the minimum values required to record, and near 
the maximum rating or 30 kv the phenomenon should be quite 
pronounced. 

C. E. Magnusson: Professor McMillan’s discussion is greatly 
appreciated, particularly the part relating to the suggestion that 
polarity reversals in the electric figures may be caused by the 
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spiuio eluirKOH iV^rnuMl adjacent to the olcctrodos by tlie impulse 
discluiri^e. The point raised by lh»ol*es8or McMillan can not be 
detenu iued I’nmi the lialt-toiie riji;uros in the paper as the sharp¬ 
ness ot‘ definition and some of the dtstalls have been lost in the 
reprodiM‘tion proct^ss, hut t)ri the orif^inal negative, Figs. 5 and 8, 
there arti no indications of polarity reversal at either the positive 
or negative eh^drodes. On tin* negatives for Figs. 5 and 7 there 
may be very slight indications of nn^ersal at the positive elec- 
tnuhf with none at all at tlie negative electrode. 

The author has t^xamined a large number of the electric figure 
negatives and flntis that in most eases polarity reversals are evi¬ 
dent at both el(»ctro(i(‘s. In a number of cases polarity reversals 
are shown at only uni* elc^drode, either positive or negative, with 
no indication of reversal at the other electrode. However, in 


several negatives, including those for Figs. 5 and 8 in the paper, 
there are no indications of polarity reversal at either pole. 

The cause of polarity reversals in the electric figures is very 
likely found in the osciUatory nature of most impulse discharges, 
either in a part reversal of the main impulse, or possibly in 
superimposed high frequency oscillations. Recently my col¬ 
league, Professor G. S. Smith, had considerable difficulty in 
locating the source of high frequency oscillations (65 million 
cycles) that appeared on a 1.5 microsecond impulse wave front. 
The oscillations were eliminated by properly shielding the lead-in 
wires, about 3 feet in length. Until recently very little attention 
has been given to the nature of the electric impulses used, whether 
oscillatory or unidirectional, in taking the electric or Lichtenberg 
figures. 
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Synopsis.—A •previous paper on a-c arcs in air betioeen copper 
oleotrodes showed the inflMence of circuit constants in determining 
the vise of voUage across the electrodes during the reignition period 
of cyclic current zero. This "paper gives the distribution of potential 
throughout the arc space between the electrodes during the reignition 


period, and shows that during that time the potential drop is con- 
eentraled largely in the space adjacetU to the cathode, the major por¬ 
tion of the arc space is free from potenlial gradient, and the potential 
distrUyulion is measurable with fidelity by means of inserted 
probes. 


Introduction 

EVERAL articles of recent years have shown the 
importance of the problem of reignition of a-c arcs 
in air between copper electrodes.^ Recently, two of 
the present authors described the conditions controlling 
the rate of voltage rise across the arc electrodes during 
the interval of cyclic current zero and its relation to the 
rate of deionization of the gap.* The arc reignites if 
the circuit constants permit the arc electrodes to ex¬ 
perience a voltage rise of rapidity sufficient to overcome 
the growing dielectric strength of the arc space. 

The present article shows the distribution of potential 
between the electrodes during the reignition period when 
the current is zero and emphasizes the possibilities and 
limitations of probe methods of measurement of this 
potential distribution. 

One or more probes is introduced into the arc space, 
and by coimecting one or another of the probes or the 
electrodes to a cathode ray oscillograph the changes in 
potential that take place in the arc space and near both 
electrodes during the reignition period are recorded. 

The &st outstanding result of the investigation is 
that, during the period when the arc current is passing 
through its cyclic zero and the electrode voltage is 
changing rapidly and reversing its polarity, the great 
percentage of the electrode voltage is to be found in a 
drop in potential at that electrode which is, for the time 
being, the cathode. 

Furthermore, it appears that under appropriate con¬ 
ditions probe methods of measuring the rapidly chang¬ 
ing potential distribution are justifiable. 

The Circuit and the Electrode Potential 

The circuit shown in Fig. -l, like that used in the 
earlier investigation,* comprises a 702-volt 60-cycle 
transformer coimected to the arc electrodes through a 
contactor and an air core inductance of L = 0.068 
henry whose distributed capacity is 610 jujuf; R = 1,000 
ohms is shunted across the arc electrodes to delay 
voltage recovery. The arc current of approximately 

♦Asst. Professor of Elec. Bngg, Universily of Miohigaa. 

f Teaching Asst, in Elee. Eng^g, University of Miohigan. 

1. For references see bibliography. 

Presented at the summer convention of the A.I.E.E., Chicago, 
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27 amps rms lags very nearly 90 degrees behind the 
transformer voltage. The electrodes are flat parallel¬ 
faced copper plates placed % inch apart. 

The arc is started by the burning of a No. 40 copper- 
wire fuse. The contactor is closed at the instant 
corresponding to zero steady-state current, thus avoid¬ 
ing a transient, and the arc is initiated when the fuse 
bums, about one-quarter cycle later. The cathode ray 
oscillograph records the electrode or probe-to-electrode 
voltage at the end of the second half-cycle of current. 


Osflecti ns 

Plates Of The 



S -992 volts - peak of 702-volt 60-cycle circuit voltage 
L - 0.068 henry 
Cl -i 610 jitjuf 
a « 1,000 Ohms 
i * 27 amp rins approximately 

ea * 092 - 1,131 e —0.0147/ + 64 c -1.64/ volts. (Applicable during the 
reignition period only) 
t » microseconds after current zero 

, Except for the first few microseconds after current 
zero, the voltage across the electrodes rises according 
to the equation* 

e„ - 992 - 1181 -1- 64 (1) 

This is shown in Pig. 2 as a broken line; the heavy line 
is a replot of values taken from the oscillogram of Fig. 
7a. a composite picture made from manly oscillograms 
will check the broken line much more closely than the 
particular oscillogram shown in Pig. 2. 

In the previous paper* it has been shown that for low 
values of resistance shunting the arc, the negative 
voltage dip does not follow the circuit equation, but 
that after a brief interval (in this case about 5 micro- 
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seconds) the electrode voltage does follow the circuit 
equation developed from the circuit constants. At ap¬ 
proximately 415 volts and 42 microseconds after "arc- 
failure" the arc space develops a glow discharge that 
lasts for 24 microseconds before the arc in the new 
direction begins. These values are typical, but of 
course there are variations from arc to arc in the magni¬ 
tudes of the negative voltage dip, the reignition voltage, 
and the duration of the glow. 

PUOBB MBASURBMBNTS 

The aims of these experiments have been to measure 
the distribution of the potential throughout the arc 
space during the period of current zero, and to show that 
this potential may be measured by the introduction of 
suitably shaped copper probes. The probes were thin 
copper plates placed between the electrodes, and had 
circular holes through which the arc might play. The 
probe finally adopted (Fig. 3) was made of sheet copper 



1/64 inch thick, 1 inch square, with a hole 1/6 inch in 
diameter. The slot leading horizontally from the edge 
of the hole permitted insertion of the copper-wire fuse 
used to start the arc. 

Probes having hole diameters between 0.21 inch and 
0.12 inch gave satisfactory and practically identical 
results. The sum of cathode-to-probe and probe-to- 
anode voltages equalled the cathode-to-anode voltage. 
Furthermore, the cathode-to-anode voltage gave the 
.same record whether the probes were present or not. 
Probes with larger holes failed to measure the voltage, 
while with smaller holes the arc failed to restrike. 
Changes in overall dimensions of the probes had no 
effect upon the oscillographic records. 

The simplest procedure in using a probe to measure a 
potential difference between an electrode and a point 
in an ionized gas is to connect the electrode and the 
probe to the two plates of a cathode ray oscillograph. 
As a first approximation it may be assumed that the 


oscillograph will respond faithfully to very rapid 
changes in potential without requiring the probe to 
draw any appreciable current from the ionized region 
in which it is placed. 

A probe that does not carry current acquires a po¬ 
tential only approximately the same as that of the adja¬ 
cent ionized gas. By measuring the small amounts of 
current drawn by probes at controlled ‘potentials Lang- 
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muir determined the difference between a non-current¬ 
carrying probe's potential and that of the adjacent 
ionized gas in discharges at low pressures, and Ms 
method has been used by other experimenters®’’^'® with 
arcs at atmospheric pressure. 

The lower curve of Fig. 4 is tsrpical of the volt-ampere 
characteristics of controUed-potential probes placed in 
what Langmuir terms “plasma" regions, which in 
general include all except the boundary regions of a 
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great many arc and glow discharges. The cathode 
potential is considered zero, and e, is the potential in the 
gas of the discharge at the point where the probe is 
located; eo, the potential of the probe when it is carrying 
no current, is measured by the cathode ray oscillograph. 
According to experiments by Nottin^am,® Bramhall,® 
and Forbes^ the difference of potential e, — eo is of the 
order of 10 to 15 volts in a copper arc at atmospheric 
pressure. This is the error in measurement to be ex¬ 
pected when using a probe which draws no current. 
When measuring potentials which run up into .several 
hundred volts this error is negligible. 

With a very low probe potential (e < eo)> the cmrent 
is exceedingly small and consists entirely of a flow of 
positive ions from the ionized gas to the probe. Except 
at very low negative probe potentials, there is, besides 
the positive-ion current, an electron current flow to the 
probe in spite of its negative potential, because some of 
file electrons possessing higher energies overcome the 
pot^tial difference between the plasma and the probe 
by virtue of the random motions of their thermal 
agitation. At e = eo this electron current is equal 
exactly to the positive-ion current, so that the net 
current to the probe is zero; if the probe potential 
is made hi^er the electron current rises rapidly. At 
6 = e, the plasma and the probe have the same poten¬ 
tial and there no longer is any hindrance to electron 
movement toward the probe. 

A moderate rise in potential of the probe above that 
of the plasma (e > e,) does not materially increase the 
number of electrons reaching it over the number that 
arrives due to random movement only, because of the 
appearance of a negative space-charge near the probe 
surface; hence the characteristic just to the right of e, 
is horizontal. When the probe potential becomes 
markedly higher (6 to 26 volts) than that of the plasma, 
the current rises sharply to a value determined by 
external circuit conditions. Beyond this point the arc 
strikes to the probe if circuit conditions permit. 

Experimental investigations®’^’* of the copper d-c 
arc in air have shown tiiat the essential theoretical con¬ 
ditions* for the existence of a plaama are fulfilled—e.g., a 
relatively small dectric fidd and equal concentrations 
of positive and negative diarges. There is no reason 
for assunaing that these conditions do not apply to the 
a-c arc. When the a-c arc current fails and the reigni¬ 
tion period is reached the simplest assumption is that 
the arc space still contains a plasma but without any 
cxirrent flow. This assumption is borne out by overall 
voltage oscillograms of long arcs, 10 to 15 inch, taken 
during the rdgnition period, which show that during 
this time the overall voltage of a long ionized space 
substantially is that of a short space, indicating that the 
major portion of the ionized space is free from potential 
gradient—a condition that can prevail only if a plasma 
exists during the reignition period. 

The probes used by the authors measure the poten¬ 
tial at points putdde the furthest radius of the arc-core 


proper and make them after current flow has ceased 
entirely. But studies® on dynamic a-c arc character¬ 
istics have shown that the establishm^t and decay of 
the arc-stream require considerable time, so that as 
the a-c current decreases from its marimum to zero the 
d^ree and extent of ionization persists over a much 
larger volume than that needed for the decreasing cur¬ 
rent flow. Further, unpublished work done by A. D. 
Forbes^ under the direction of two of the authors indi¬ 
cates that the hot gases surrounding the arc-core fulfill 
the plasma conditions for a radial distance of several 
millimetCTs beyond the optically well-defined arc-core 
boundary, and that the potential of this surrounding 
plagma is lower than that of the arc-core its^ only by 
a very few volts. The only reasonable conclusion is that 
the entire gaseous envelope is a persistent plasma 
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region, hence probe measurements are valid during the 
reignition period. 

Distribution op Potential Through Arc Space 

In. the experiments first undertaken two probes were 
used, one placed near each electrode, as illustrated in 
Fig. 6a. Electrode A served always as the “old 
cathode,” hence also as the “new anode,” the polarity 
change occurring at time t = io of Fig. 5. The probe 
placed near the A electrode was called No. 1, that near 
tiie B electrode No. 2, and the measured voltages then 
identified as (A - B), (A - 1), (A - 2) and (2 - B). It 
was soon discovered that the probe-to-probe potential 
during the reignition period was very small, even with 
arcs of 10 inch and 16 inch length. With only very 
slight exceptions, the difference of potential between 
the electrodes is confined, during the reignition period, 
to thin regions adjacent to each electrode. 
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Therefore, in later experiments only one probe was 
used, placed half-way between the electrodes. With 
this arrangement the voltage oscillogram (A — 1) re¬ 
veals the potential changes adjacent to the surface of 
the A electrode, and (1 — B) that adjacent to the B 
electrode. Figs. 5b and 5c illustrate the polarity re¬ 
lationships between the electrodes before and after 
time t — U. 




Pig. 6—^Poten¬ 
tial Distbibg- 
TioN Thbovgh 
THE Abc Space 

Fig. 6, drawn to sc^le, shows the potential drops 
(A — 1) from electrode A to probe, (1 — B) from probe 
to electrode B, and the sum of these two voltages, 
(A — 1) -h (1 — -B). This sum should equal the actual 
(A — B) voltage, measured from electrode A to elec¬ 
trode B, at every instant, and to illustrate the nature of 
this check, a typical (A - B) oscillograph record is 
drawn on the same graph as the (A — 1) -H (1 — B) 
sum. It should be understood that the reignition 
voltage and the l^igth of the glow period vary from arc 
to arc. The (A — 1), (1 - B) values and their sum 
(A — 1) -f (1 — B) are typical values taken from the 
study of many oscillograms, while the (A — B) oscillo¬ 
graph record is the record of only one arc. 

Prior to i = 0, (see Fig. 6) the arc current being nega¬ 
tive, the (A - 1) and (1 - B) voltages are approxi¬ 


mately 37 volts each, giving a 75-volt electrode drop 
(A - B). At t = 0, the arc current drops from about 
0.3 ampere to zero with extreme rapidity. From t = 0 
to t = 5 microseconds the dectrode voltage passes 
through a negative dip; most of this voltage is located 
in a thin layer adjacent to electrode A which is, for the 
time being, the cathode. The probe-to-anode voltage 
(1 — B) during this period may show a slight dip and 
then approach zero or may approach zero without any 
dip. At < = 5 the electrode voltage changes slope 
abruptly and thereafter follows closely the equation of 
circuit voltage rise (equation ij. From i = 5 to 
t = U = 11 microseconds, the electrode voltage is 
found almost entirely at the cathode A, the probe-to- 
anode potential (1 — B) remaining nearly zero. 

At i = <0 = 11 the electrode voltage passes through 
its zero value. Thereafter A is the anode and B the 
cathode, and most of the voltage again is found at the 
cathode, though the anode drop appears to be of the 
order of 15 to 20 volts. At f = 32 the reignition period 
ends with the formation of a self-sustaining glow dis¬ 
charge during which the current increases slowly from 
zero in the positive direction. At i = 40 an are is 
formed. The electrode and cathode voltages, (A — B) 
and (1 — B), drop rapidly while the current grows in a 
sinusoidal manner. In the change from glow to arc the 


Pig. 7—^Potential Vaeiation with 
Time 

A. Across the electrodes 

B. In the arc space near the A electrode 
O. In the arc space near the B electrode 



anode voltage (A — 1) may increase suddenly from 20 
to about 50 volts. 

Figs. 7a, b and C are cathode ray oscillograms of the 
voltages (A - B), (A - 1) and (1 - B). The two p^ 
of (A — 1) voltages have been reversed with respect to 
each other in order to establish the position of the zero 
voltage line. 

Fig. 8, derived from Fig. 6, represents the potential 
distribution in the arc region at various moments of 
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time. It illustrates the absence dxiring the reignition 
period of appreciable potential gradient except adjacent 
to the electrodes. A number of oscillograms imder a 
variety of conditions were taken with two probes, one 
close to each electrode, in an attempt to discover a 
substantial potential gradient in the middle region 
when the voltage approaches reignition values, but so 
far the results have been entirely negative, even in 
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the case of very long arcs failing to reignite. The oscil¬ 
lograms of Fig. 9 are selected to illustrate this fact. 
Fig. 9b is a cyclogram; horizontally it measures the 
voltage (A — B) between the main electrodes, and 
vertically the voltage (1 — 2) between the two probes. 
At no time except prior to current zero and after 
reignition does the voltage (1 — 2) have any appreciable 
value. 

Fig. 9c measures horizontally the voltage (A — B) 
and vertically the voltage (2 — B). Following' the 
negative voltage dip the trace is a 45-degree line, indi¬ 
cating that nearly all of the voltage drop in the arc 
region up to the moment of reignition occurs at the 
surface of the cathode. Figs. 9a and 9b both show 
that while the (1 — 2) voltage is very small during the 
reignition period it grows to a considerable magnitude 
after the arc strikes. 

These oscillograms show definitely that in the arcs 
used in these experiments the reignition process is one 
that is initiated in a thin layer of gas adjacent to the 
cathode surface. The variations in reignition voltage 
that have been observed in the authors’ previous ex¬ 
periments therefore are a result of variation in the con¬ 
dition of a thin insulating layer of gas adjacent to the 
cathode. 


Probe Current Requirements 

It has been shown that the difference (c, - Co) be¬ 
tween the voltage squired by the probe and that of the 
plasma is so small as to be of no consequence for the 
immediate purpose. To justify probe measurements it 
also is necessary to show that the current to the probe 
is sufficient to make the potential of the capacity repre¬ 
sented by the leads and deflecting plates of the cathode 
ray oscillograph follow accurately the variations in 
plasma potential, and to supply any ionization or leak¬ 
age current that may flow between the deflecting plates 
of the oscillograph. The equation representing the 
rthflrging current that must flow to the cathode ray 
osdllograph plates is 



where Cp is the capacity of the measuring circuit con¬ 
sisting of probes, leads, and oscillograph deflecting 
plates, de/dt is the rate of change of voltage between the 
plates, and ip is the charging current to the capacity Cp. 

The maximum rate of change of voltage to be meas- 
ured occurs at the beginning of the negative dip of the 
(A — 1) pictures. Here the plasma is becoming very 
rapidly positive with respect to the A electrode, hence 


Fig. 9—Potential Diiop Across Arc 
Space 

A. Across central arc space only. (Sec Hat 
portion of curve near zero line) 

B. Oyclogram of voltage of centi’al arc space 
vs electrode voltago 

O. Oyclogram of voltage of central arc 
space plus B electrode drop vs electrode voltage 



to follow the change the probe must acquire a positive 
charge. This it can do only by means of the very small 
positive-ion current from the plasma; if the positive-ion 
current is too small relative to Cp the oscillograph will 
not give an accurate record. 

If it is assumed that during the negative dip the 
entire voltage appears between cathode and probe (this 
is the severest possible assumption) the rate of change 
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of potential to which the probe must respond can be 
calculated as follows: 

(h 1 1 0.3 (approximately) 

df ^ "Cv ^ ' eio'x 10-1^ 

= 0.5 X lO'-* volts per second (2) 
The capacity C,, used was not over 5 micromicrofarads. 
The 0.3-ampere figure used forliis selected as the largest 
value of arc-failure current observed by the authors 
under similar conditions.® Using these figures the re- 
required charging current to the plates is 
i,, = 0.5 X 10“ X 5 X 10-‘® = 2.5 X 10““ amperes. (3) 
Since the ionization current and the leakage current 
between the oscillograph plates of the high-vacuum 
oscillograph used probably are very much smaller than 
this, the capacity current is the controlling requirement. 

The results of experiments by Nottingham® and by 
Bramhall® permit a rough estimate of positive-ion cur¬ 
rent density; values range from around 0.005 amp per 
sq cm at a distance of two millimeters from the center 
of an 8-ampere are about one-half centimeter long to 
from 10 to 30 times that nearer the center of the core. 
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The arc used in the authors’ reignition tests was nearly 
2 centimeters long, and at its peak carried 38 amperes. 
It seems reasonable to expect that the positive-ion cur¬ 
rent demsity in the plasma that persists through the 
reignition period is at leastO.005 amp per sq cm and may 
substantially be larger. The area of the probe that is 
blackened by the heat of the arc indicates that the 
effective area of the probe in contact with the plasma 
may have been as large as 3 sq cm, whereas it need only 
be one-half sq cm to provide, at 0.005 amp per sq cm, 
the charging current required by the oscillograph under 
the most exacting conditions. Since these figures are 
very approximate, their chief value is to indicate that 
even at the beginning of the negative dip in the (A - 1) 
picture the eciuipment used was working within the 
limit of accurate response. 

The preceding discussion indicates only a reasonable 
probability that probe measurements should be suc- 
ce.s.sful. A necessary experimental check consists of 
tests to determine whether the voltage from cathode to 
probe plus that from probe to anode actually is equal to 
the voltage from cathode to anode. Tests of this kind 


were made on a variety of shapes and sizes of probes, 
leading finally to the choice of the probe shown in Pig. 
3, which gave results that satisfied the experimental 
check required. 

ELiB(3tron Movement During Reignition Period 

The explanation for the potential distributions that 
are revealed by experiment is apparent if the probe¬ 
like nature of the electrode surfaces during the reigni¬ 
tion period is recognized. After current zero and prior 
to reignition both electrodes are adjacent to a plasma 
region, yet little or no current passes from either of them 
to or from the plasma; the same statement applies to a 
probe placed between the electrodes. There is no 
essential difference then between electronic behavior in 
the boundary region adjacent to the probe and that 
adjacent to the main electrode surfaces. The lower part 
of Fig. 4 applies to the electrodes as well as to the probes 
during the reignition period. The potential distribu¬ 
tion within the positive space-charge boundary region 
adjacent to either electrode or probe surface when 
negative with respect to the plasma has the general 
form represented by the curve of Fig. 10. The boundary 
region, which occupies a very thin layer of gas is called 
a positive-ion sheath because of the absence of electrons, 
which are kept out by the retarding field. The potential 
line is straight and horizontal in the probe and in the 
plasma, for in these regions there neither is potential 
gradient nor space-charge. The curvature of the po¬ 
tential line within the positive-ion-sheath indicates the 
presence of a positive space-charge density proportional 
to the rate of change of slope of the potential curve, the 
total positive space-charge being related closely to the 
overall sheath voltage. 

Immediately after the arc current fails circuit con¬ 
ditions require an increase of overall arc voltage in the 
old direction; it reaches about 300 volts at f = 1. From 
Fig. 4 it is seen that if the potential of a probe-like 
surface adjacent to a plasma is raised to more than per¬ 
haps 20 volts above the plasma potential the probe be¬ 
comes a new anode of the discharge, that is, it begins 
to draw electrons from the discharge at a substantial 
rate dependent upon circuit conditions. This circum¬ 
stance limits the potential difference between the arc 
region and whichever of the two electrodes is positive 
with respect to it to something in the neighborhood of 
20 volts. 

Therefore, the cathode-to-probe drop must be 20 
volts less than the overall potential (A — B). Since 
during most of the reignition period the (A — B) 
voltage is much greater than 20 volts, it follows that the 
great percentage of the (A — B) voltage is to be found 
at the cathode, as is shown to be the case in Fig. 6. 

During the period from t = Otoi = l/isec the overall 
voltage is rapidly increasing, hence the voltage drop 
(A - 1) and its associated positive space-charge near 
the more negative electrode must increase very rapidly. 
(See the i H graph of Fig. 8.) With a sufficiently 
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rapid change in overall voltage the electron current flow 
taking place from the sheath at the cathode through the 
arc space to the anode and out into the metallic circuit 
may be comparable with the normal arc current in 
magnitude. During such a time the positive-ion sheath 
at the cathode may be thought of as a condenser that is 
being charged, except that the charge probably is not 
directly proportional to the difference of potential. 
There then is a slight potential gradient throughout the 
arc region, and a normal anode fall of potential at the 
more positive electrode, just as is the case when arc 
current in the ordinary sense is flowing. 

By contrast the i = 5 graph of Fig. 8 illustrates the 
condition existing with a stationary or decreasing overall 
potential; this figure is strikingly similar to Fig. 3 of a 
recent article by Langmuir® illustrating the ^^trapping'^ 
of electrons in a plasma region containing a potential 
maximum. 

Conclusion 

The authors feel that they have performed three 
tasks: first, to throw, some light on the electronic ac¬ 
tivity that occurs during the reignition period of an a-c 
copper arc in air; second, to show that except adjacent 
to the electrodes the arc space possesses a negligible 
potential gradient during the reignition period; and 
third, to show that probe methods of measurement of 
the potential distribution are justified if the probes are 
used under conditions which do not violate the inherent 
limitations of the probe method. 

Bibliography 

1. Extinction of an A-C. Arc, J. Slepian, A.I.E.E. Trans. Vol. 
47,1928, p. 1398.*^ 

Extinction of a Long A-C. Arc, J. Slepian, A.I.E.E. Trans., 
Vol. 49,1930, p. 421. 

Extinction of Short A-C. Arcs, T. E. Browne, Jr., A.I.E.E. 
Trans., Vol. 50, Deo. 1931, p. 1461. 

Arcs in Low-Voltage A-C. Networks, J. Slepian and A. P. 
Strom, A.I.E.E. Trans., Vol. 50, Sept. 1931, p. 847. 

2. Reignition of Metallic A-C. Arcs in Air, Attwood, Dow and 
Krausniok, A.I.E.E. Trans., Vol. 50, Sept, 1931, p. 854. 

3. “Studies of Electric Discharges in Gases at Low Pressures,” 
Langmuir and Mott-Smith, Gen. Elec. Rev., Vol. 37, 1924, pp, 
449 and 538. 

4. “Electrical Discharges in Gases,” Part I, Compton and 
Langmuir, Review of Modern Physics, Apr. 1930, pp. 206 and 206. 

5. “Probe and Radiation Measurements in the Copper Arc,” 
W. B. Nottingham, Journal of the Franklin InsiUuie^ Vol. 207, 
1929, p.299. 

6. “Electric Discharges in Gases at Low Pressures,” Lang¬ 
muir, Journal of the Franklin Institute, Vol. 214,1932, p, 275. 

7. “Probe Measurements in a D-C. Arc,” A. D. Forbes, un¬ 
published thesis covering work done under the direction of two 
of the present authors. 

8. “The Electric Arc in Circuit Interrupters,” J. Slepian, 
Journal of the Franklin Institute, Vol. 214, Oct. 1932, p. 413. 

9. “Langmuir Probe Measurements in the Normal Copper 
Arc,” E. H. BramhaU, London Phil. Mag., Vol. 13,1932, p. 682. 


Discussion 

J. Slepian: This new application of the cathode ray oscillo¬ 
graph to the study of the potentials of probes in an alternating 
current arc, has led to interesting and valuable results. It shows 
quite definitely for short metallic arcs the development of the 
voltage bearing larger next to the cathode during the transition 
period. While this had been surmised before, it is very gratifying 
to see here a direct experimental confirmation of this important 
phenomenon. 

The sudden change from an arc cathode to a glow type cathode 
prior to the current zero which the senior authors had discovered 
in their previous paper under the name “arc failure” is here again 
clearly revealed. It is an example of the development of insulat¬ 
ing quality in the arc space before current zero is reached. 
Although at atmospheric pressure the voltage of the glow cathode 
is limited to a few hundred volts, at very low pressures this 
voltage may get very high. It is thought that this is the cause of 
high voltage that may appear in the high vacuum brealcer when 
operated at a few amperes, and the wrriter also has observed high* 
voltage surges in low current mercury arcs in inductive circuits 
which probably are due to this cause. 

The curves of Pig. 8 permit one to set an upper limit to the 
time required for the formations of the voltage bearing cathode 
layer. The fact that the gradient in the positive column remained 
negligibly small from the moment of voltage reversal, i = 11 
microseconds, until glow voltage was’ reached with the flow of 
measurable current, i =* 35 microseconds, shows that the growth 
of the cathode layer was well able to keep pace with the develop¬ 
ing voltage. It must be concluded then that the time required 
for the cathode layer to form must be small compared to 24 
microseconds. Actually, there is reason to believe that if voltage 
is impressed q.uickly the cathode layer will form in a fraction of 
a microsecond. 

The manner of formation of the cathode layer is well brought 
out in the paper. It supposes of course that the cathode itself 
is not a source of ionization until glow voltage is reached. This 
would not be the case, however, if refractory electrodes such as 
carbon or tungsten were used which could readily bo raised to a 
temperature high enough for thermionic emission. For such 
electrodes quite different cathode layer characteristics should be 
expected. Have the authors taken any oscillograms of carbon or 
tungsten arcs? If so, what did they find? 

Wm G. Dow, S* S» Attwood and G. S. Timoshenko: The 
authors think that their work, particularly that given in an 
earlier paper,^ shows that the cathode layer is built up to the 
point where it can withstand 350 volts in not over 2 microseconds, 
rather than in 24 microseconds as mentioned by Doctor Slepian. 
We wish to call particular attention to the peaked negative dip 
shown by the left-hand voltage record in Fig. 5c of the earlier 
paper. Here it appears that after “arc-failure,” the negative 
cathode drop has become approximately 350 volts in not over 2 
microseconds. There is no reason, in our opinion, to expect any 
difference in kind between the space charge sheath near the 
cathode in the negative direction and that estal^lished in the 
positive direction upon the reversal of are electrode polarity. 

Doctor Slepian has mentioned that our work indicates a “.sud¬ 
den change from an are cathode to a glow type cathode prior to 
the current zero.” He undoubtedly refers to the behavior 
typified by the left-hand voltage record in Pig. 5c of our previous 
paper. We do not believe his description fits the facts. The 
change here illustrated takes place in two distinct stops: 

1. The arc current stops. 

2. One-half to two microseconds later a glow discharge starts. 

That these are two distinct independent steps is shown by the 

large number of records similar to the middle voltage record of 
Fig. 5c in which only the first step occurs, the negative voltage 

1. A.I.E.B. Trans., Vol. 50, September 1931, p. 847. 
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not incroasingf to a lar^?e onoujofli value to permit the glow to 
start. We believe that the growth o! apace charge between these 
tsvo events taki^a place in exactly the same way as its growth in 
the riiversG direction a few microseconds later. 

In answer to Doctor Slepian’a question, we have obtained a few 
oscillograms of the a-c carbon arc in air and found that there is 
no arc-failure and that the overall electrode voltage passes quite 


smoothly (much like a sine wave) through its polarity reversal. 
We think that this type of action is to be expected from a re¬ 
fractory material that has a very high melting or sublimation 
point. It may very well be that certain of the refractory ma¬ 
terials can rise in temperature to the point where thermionic 
emission plays a role and that for these materials no true reigni¬ 
tion period exists. We have not tried tungsten electrodes. 



Theory of Primary Networks 

Part I—A Study of Voltage Regulation and Load Distribution 

on Primary Networks 


BY F. M. 

Associate, 

Synopsis^ —This "paper presents solutions of practical operating 
problems of primary networJcs under normal and abnormal condi¬ 
tions* The general principles involved in network design are estab¬ 
lished, Charts are given which show in terms of elementary network 
data the load distribution in the network under various emergency 
conditions. Three simple equations involving only well known 
system constants are given which will enable the distribution engineer 
to determine the proper setting of the compensator and contact¬ 
making voltmeter to insure (1) that circulating currents shall be 
reduced to a minimum, (2) that overcompounding to secure proper 
voUage regulation shall he adequate, and (5) that any normal un¬ 
balance in load shall be reduced to a minimum. Other practical 
problems are discussed and answered. 


STARR* 

An exact mathematical analysis of the general regulated network 
is given in the Appendix. This analysis is broad in scope and has 
evident applications other than the particular one with respect to 
primary networks as considered here. 

The paper has been written to meet the requirements of operating 
engineers responsible for system networks. The results given here are 
substantiated by theoretical calculations, calculating board analyses 
and test data on actual systems in operation, and cover all practical 
conditions of steady state operation. 

A subsequent paper will consider the primary network problems 
involved in short-circuit and relay studies. 

4c 4c « « * 


Introduction 

REVIOUS literature on primary networks has been 
devoted largely to comparative economics. It is 
not the purpose of the present paper to re-discuss 
these factors but rather to consider the actual design 
and operation of the network itself. Part I of the papa* 
is devoted to load distribution and voltage regulation, 
and Part II (to appear at a later date) will be concerned 
with short-circuit and relay studies. 

The particular questions which it has seemed ad¬ 
visable to study in the present section of the paper 
are as follows: 

1. When a transmission line feeding a primary net¬ 
work is taken out of service, how does the load carried 
by t^hig line distribute among the network units remain¬ 
ing in service? 

2. Quantitatively, what advantage in load distribu¬ 
tion is gained by staggering the network loads on a given 
transmission feeder over concentrating adjacent loads 
on a given feeder? 

3. What effect does the automatic regulating equip¬ 
ment (tap-changers or induction regulators) on the net¬ 
work transformers have on the distribution of load under 
normal and abnormal conditions? 

4. Can the compaisator used in conjunction wilh the 
regulating equipment be adjusted to limit drculating 
currents (due to differences in tap positions on the net¬ 
work transformers as well as to differences in the angles 
of the impressed primary voltages) to a desirable mini¬ 
mum, to aid in uniformly distributing a normally un¬ 
balanced load, and at the same time to give adequate 
over-compounding during peak load? 

*Ceiitral Station Engg Dept., General Electric Co., Schenec¬ 
tady, N.Y. 


5. What maximum angular difference between supply 
voltages on the various primary feeders is p^missible? 

6. What procedure should be used in adjusting the 
compensator to give optimum performance? 

These various factors have been studied analytically 
and by actual tests on networks in operation. In addi¬ 
tion a number of calculating-board studies have been 
made. The conclusions arrived at here as a result of 
these studies, and the quantitative data obtained are 
thought to be quite reliable and should prove useful in 
the design and opamtion of primary networks. 

As an aid to the analytical work in this paper, an 
exact mathematical analysis of the regulated network 
was developed, and is given in general form in the 
Appendix. Although this method of analysis is applied 
here to primary networks, it is perfectly general and 
should be useful in analyzing any network having a mul¬ 
tiplicity of regulated feed points. 

The material of this paper, as presented in the follow¬ 
ing pages consists of (1) a discussion of emergency load 
distribution with charts showing the distribution of 
load in a network under various emergency conditions, 
and with analyses showing the influence on emergency 
load distribution of such factors as automatic regulation, 
power factor, impedance of the 4-kv ties, etc., and (2) a 
discussion and analysis of normal network operation 
and design as influraiced by such factors as voltage regu¬ 
lation, circulating currents, and unbalanced load. 

Load Distribution Under Emergency Conditions 

An important factor which affects the design of a 
primary network is the load distribution under condi¬ 
tions of both normal and emergency operation. It is 
desirable that the network be designed so as to pamit 
all of the network transformers to share the load as uni¬ 
formly as possible. No trouble usually is experienced 
in obtaining good load distribution under normal operat- 
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ing conditions providing adequate 4-ky ties are incorpo¬ 
rated in the design. In some rare cases where the load 
density is extremely light, it may be desirable to use 
high reactance transformers to insure uniform load 
division. 

More important than the problem of normal load 
distribution in network design is that of emergency load 
distribution. In order that a primary network may be 
designed to have adequate reserve capacity under the 
emergency condition of a transmission line which feeds 
the network being out of service, it is necessary to know 
how the load carried by that feeder divides among the 
network units remaining in service. 

A variety of networks differing in size and construc¬ 
tion have been studied with this problem in mind, and in 
the light of these studies, the fundamental principles of 
emOTgency load distribution have been established. 
Primary networks may be very small, as for example 
those shown in Figs. 1a and 1b, or they may be quite 
large similar to that shown in Pig. 2. It is necessary to 
consider both the large and the small network to deter¬ 
mine the limiting factors in load distribution. 

Initially, networks are usually very small, only 3 or 4 
units being tied together. The two networks shown in 
Figs. lA and 1b are typical initial layouts and are very 
similar to 2 networks which are in operation at the 
present time. The network shown in Fig. 1a is a sym¬ 
metrical layout of three units, each being supplied by a 
separate transmission feeder. If feeder 3 is taken out of 
service the load carried by unit 3 distributes uniformly 
between units 1 and 2 owing to the symmetry. Even 
though all of the 4-kv ties are not of equal impedance, 
the load division still will be fairly uniform if the units 
are all thoroughly tied together. 

To illustrate this fact, load data on an actual network 
in operation are tabulated below: 

Foodorout Load on Load on <2 Load on /® 

73 . 63 . 80 

A. 0.96.121 

B.90. 0.126 

O..103.113. 0 

Above loads are in per cent of normal. The above 
data were taken on a network similar to Fig. 1a but 
with ties e and/ open. The transformer reactances were 
6.5 per cent, and the 4-kv ties had Impedances as fol¬ 
lows: a « (4.64 -|-/2.56),6 - (3.64 +/2.06)»c - (4.16 
+ /1.87).andrf « (12.30 +/10.70). 


of one imit than that of the layout as shown. Under 
this condition, if one of the units, say unit 4, were out of 
service, units 2 and 3 would each take approximately 
35 per cent of its load and xmit 1 would take the re¬ 
maining 30 per cent (these values are based upon the 
assumption that the four internal ties are 4-per cent 
overhead lines, the four external ties are 7-per cent over¬ 
head lines, and the transformers have 6-per cent re¬ 
actance). 



Pig. 1—^Typical Small-Sizbd Primary Networks 


These are characteristic of initial layouts 

A. 3-imlt network 

B, 4-imit network 



Pig. 2—Typicaii Large-Sized Primary Networks 


This network was studied in regard to the various aspects of emergency 
load division 


The above table diows that in spite of the normal 
Tmbal^ce in load and the poorly linked network, fairly 
good emergency load distribution is obtain^. 

Now consider the network shown in Fig. 1b. Ibis 
network of 4 units is fed by 2 lines, units 1 and 4 be^ 
supplied by feeder A, and units 2 and 3 being supplied 
by feeder B. H feeder B is out of service the load car¬ 
ried by units 2 and 3 will distribute uniformly between 
units 1 and 4 owing to the symmetric^ layout. If each 
of the 4 points were fed by a separate line the emergency 
capacity of tiie network would be greater by the capacity 


Experience has dvown that networks of a size up to 
about 8 units may always be laid out in such a mannw 
that the load carried by any feedw will distribute uni¬ 
formly between the units remaining in service when 
that feeder is out of service. In larger networks the 
units adjacent to the transformers out of service will 
absorb more of the load than the more remote unite. 
In order to determine the emergency load distribution in 
an extensive network, the layout diown in Fig. 2 was 
studied. An extensive calculating board study has 
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been made on this particular layout, the results of part 
of which are shown in chart form in Figs. 3, 4, 5 and 6. 
By exercising some care, these results may be applied 
directly in designing any large sized network (assuming 
of course that the network is not too loosely tied to¬ 
gether). 

The curves of Fig. 3 show how a normal 100 per cent 
load carried by transformer 23 would distribute among 
the remaining units if transformer 23 were taken out of 
service. Thus, assuming the impedance of the network 

Pig. 3—These 
Curves Show 
How THE Load 
Normally Car¬ 
ried BY Unit 23 
IN Pig. 2 Distrib¬ 
utes Among the 
Units Remaining 
IN Service When 
23 IS Out op Ser¬ 
vice 

The transformer re¬ 
actance used was 6 
per cent. The per¬ 
centage values are on 
a l»500-kvxi., 4.3-kv 
base 

main to be 4 per cent (1,600 kva, 4-kv base), it may be 
noted from the curves of Pig. 3 that the 4 units immedi¬ 
ately surrounding unit 28, i.e., units 16, 22, 24 and 30, 
each take 7.3 cent of the load originally carried by 
tmit 23 (only the curve for unit 16 is plotted in Pig. 3 
since the other 3 are id^tical to it owing to symmetry). 
OthM* units more remote from unit 23 take correspond¬ 
ingly less perc^itages of the total load. 

Fig. 4 shows a set of curves similar to those of Pig. 8 
for transformer 39 out of service. It may be noted that 
the distribution in this case does not differ greatly from 
that obtaining in the above case with unit 23 out. For 
example, from Fig. 4, units 32 and 38 each take 7.8 per 
cent of Ihe load carried by unit 39 as compared with the 
7.3 per cent of the load carried by unit 23 taken by 
units 16, 22, 24 and 30 in the above case. Space does 
not permit the printing of charts for other key trans¬ 
former positions. However the 2 sets of curves shown in 
Pigs. 3 and 4 represent the 2 extreme current distribu¬ 
tions for any one transformer out of service, aU otiber 
outages giving distributions intermediate to these. 
Therefore, it should be fairly easy to estimate emer¬ 
gency load distributions for any large network with 
reasonable accuracy from the daita in charts of Figs. 3 
and 4. 

In a network of the size shown in Pig. 2, each trans¬ 
mission line would feed from 2 to 5 network units, the 
number depending on certam economic factors. In 
order to obtain the most uniform division of load under 
emergency conditions, it is desirable that the network 
units supplied by any one feeder be non-adjacent to 
each other, i.e., staggered. For example, suppose units 



11, 23 and 39 to be fed by a common feeder. If this 
feeder were taken out of service unit 24 would receive 
the most severe overload. In this case, again assuming 
4 per cent network mains, unit 24 will receive 7.3 per 
cent of the load carried by unit 23 (from Fig. 3) and it 
will receive 1.8 per cent each of the loads carried by 
units 11 and 39. If each unit were normally loaded to 90 
per cent of full load kilovoltampere, the emergency 
load on unit 24 will be approximately 0.9 (100 -|- 7.4 
+ 1.8 -(-1.8) or 99.9 per cent of full-load kilovolt¬ 
ampere.* 

A further examination of the data in Figs. 3 and 4 
will demonstrate that the loss of a transmission feeder in 
a network of fairly large size need never impose an 
excessive overload on any transformer. 

Transmission Feeder Arrangement 

As pointed out above, the conventional method of 
feeding a network is to stagger the network units con¬ 
nected to any one feeder. For example, units 6, 22,38 
and 26 in Pig. 2 might be fed by one feeder, units 7, 23, 
39 and 19 by another, etc. An alternative method would 
be to feed a group of adjacent network units from a 
single transmission line. The network in Pig. 2 is shown 
with this type of transmission layout. It is recognized 
that this sort of layout imposes a greater emergency 
overload bxirden on certain parts of the network when a 
transmission feeder goes out of service. However, it has 
been suggested that this latter method is more economi¬ 
cal since the additional cost of interlacing the transmis¬ 
sion lines more Uian balances the cost for the somewhat 


Pig. 4—These 
Curves Show 
How the Load 
Normally Car¬ 
ried BY Unit 39 | 
IN Pig. 2 Distbib- § 
UTEs Among the j 
Units Remaining | 
IN Service When ^ 
39 IS Out op Sbr- ^ 

VICE o 

I 

The transformer re¬ 
actance used was ’6 
per cent. The per¬ 
centage values are on 
a 1,600-kva, 4.3-kv 
base 


increased reserve transformer capacity required for the 
second arrangement. 

In order to determine the probable -maYiTm iTn emer¬ 
gency overloads in networks whose feeders supply a 
series of adjacent units, the network of Fig. 2 was 
studied with the feeder arrangement as shown. The 
curves of Pig. 5 show the distribution of the load 

*The error involved in superposing the several load compo¬ 
nents aritlunetioally to obtain the total is small and may be 
neglected. 

















September 1933 


STARR: THEORY OP PRIMARY NETWORKS 


937 


•carried by feeder A when feeder A is out of service. 
Similarly the curves of Fig. 6 show the distribution for 
feeder D out of service (note that all loads are given 
in percentages of the normal load for any one trans¬ 
former). It may be noted that the maximum over¬ 
load on any unit for line A out of service (assuming 
4 per cent impedance mains) is 31.5 per cent on imit 
21 (see curve 21, Fig. 5), and for line D out of service it 
is 27 per cent on imit 24 (see curve 24, Fig. 6). 

Fig. 5—These 
Ctthvbs Show 
How THE Load 
Normally Car¬ 
ried BY Feeder 
A IN Fig. 2 Dis¬ 
tributes Among 
THE Units Re¬ 
maining IN Ser¬ 
vice When A is 
Out op Service 

The transformer re¬ 
actance used was 6 
per cent. The per¬ 
centage values are on 
a 1,500-kya, 4.3-kv 
base 

Since many utility engineers follow the practise of 
allowing 25 per cent or more short-time overloads on 
substation transformers under emergency conditions, it 
appears that the feeder arrangement shown in Fig. 2 
may not be objectionable from the viewpoint of over¬ 
loads and it may be highly desirable from the viewpoint 
of economy. Naturally the overloads on any particular 
transformer on a network considerably smaller than the 
one in Fig. 2 are apt to be greater, and more resOTve 
transforma* capacity will need to be provided. How¬ 
ever, it should be borne in mind that, for small net¬ 
works, this problem of feeder arrangement is not im¬ 
portant since each of the units in a small network will 
be fed usually by a separate line. 

Effect of Regulators on Emergency Load Division 

The foregoing studies and accompanying charts are 
tibe result of calculating board stupes on fairly well- 
designed networks. In addition to these operating 
characteristics imder optimum conditions, the relative 
effects on network operation of certain irregularities in 
design are important. It is important to know under 
what conditions the automatic regulators on the net¬ 
work transformers affect the emergency load division, 
to know quantitatively what this effect may be, and to 
know how this effect varies with power factor, im¬ 
pedance of the 4-kv ties, etc. 

Voltage regulation on a primary network is main¬ 
tained by means of automatic tap-changing equipment 
on the network transformer, or in some cases by means 
of induction regulators. In conjunction with a contact¬ 
making voltaneter and a line-drop compensator, these 
regulating equipments tend to hold 100 per cent voltage 
at k)me point in the secondary distribution system. 
The action of the regulator, in effect, is to change the 


magnitude of the voltage impressed on the transformer 
without affecting its phase angle. Furthermore, the 
operation of the contact-making voltmeter and com¬ 
pensator is to hold a constant magnitude of voltage at 
the load without regard to the angle of that voltage. 

It is evident that this regulator action may in some 
cases influence the emergency load distribution in the 
network. The question may be asked, for example, if 
network unit 23 in Fig. 2 is taken out of service, what 
difference is there in the distribution of this load among 
the remaining units with and without automatic regula¬ 
tion? It may be shown (see below) that in dosely-linked 
well designed networks the load distribution is sub¬ 
stantially the same with or without regulation. It may 
be shown further that the greater the inherent imbalance 
due to the inherent impedance characteristics of the 
network, the greater will be the effect of the automatic 
regulators to change the distribution. Thus, if feeder C 
in Fig. lA is out, its load will divide uniformly between 
units 1 and 2 whether regulators and compensators are 
provided or not. Similarly the emergency load distribu¬ 
tion in the large network shown in Fig. 2 will not change 
much if the units are unregulated. 

In order to study the effect of regulator action on 
emergency load distribution it was necessary to go to an 
extreme case in which this action was accentuated. 
For this purpose the simple three-unit network shown in 
elementary form in Fig. 7 was used. The impedance 
links o represent the network transformers and the con¬ 
nected transmission lines (the latter are usually negli¬ 
gible) . The links 6 represent the 4-kv network mains or 
ties (in this case only a single tie between xmits is used 
in order to simulate the most extreme case of a loosely- 
linked network). The links c represent 100 pa: cent 
loads. The problem is to determine how the load nor- 

Fig. 6—These 
Curves Show 
How the Load 
Normally Car¬ 
ried BY Feeder D g 
IN Fig. 2 Distrib- g 
UTEs Among the 3 
Units Remaining | 

IN Service When | 

D IS Out op Sbr- | 
vice I 

The transformer re- h 
actanco used was 6 ^ 
per cent. The per¬ 
centage values are on 
a 1,600-kva, 4.3-kv 
base 

mally carried by unit 3 divides between units 1 and 2 
when imit 3 is out of service. To simplify the analysis 
the loads carried by units 1 and 2 have been omitted 
since their effects may be superposed later if desired. 
The method used is the exact analytical one developed 
in the Appendix. The calculated results for the various 
circuit conditions studied are tabulated in Table I. 
To simplify the analysis it was assumed that voltage 
magnitude was held at the bu§ rather than at some point 
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TABLE I 


No. 

a 

b 

c 

El 

E2 

ei 

C2 

■■ 

h 

/L 

/i' 

/2' 

1... 

...o+ye... 

.. 6 4yo .. 

..96+y31 .. 

..108.45... 

.. 93.54 . . 

..100/-3.08®.. 

.. 100/0® 

.1.67 . 

..1.077.. 

..0.957. 

..0.575. 

.0.432 

2... 


.. 0 4y6 .. 

..96 4y31 .. 

. .102.29... 

.. 100.00 . . 

. .100/-2.02®.. 

..100/-1.10® .. 

.0.70 . 

.0.321. 

.0.985.. 

..0.637. 

.0.348 

3... 

...o+ye... 

..2.3+y6.1.. 

..95+jf31 .. 

. .103.00... 

.. 99.20.. 

..100/-2.05®. . 

..100/-1.01® .. 

.0.779. 

.0.324. 

.0.964.. 

..0.633. 

.0.335 

4... 

...o+ye... 

. .4.4+yi.4.. 

..96+y31 .. 

..105.73... 

.. 96.27.. 

..100/-2.41®. . 

.. 100/-0.681®.. 

.1.690. 

.0.663.. 

, .0.968.. 

..0.586., 


6... 

...o+ye... 

..2.3+y6.1.. 

. .90+y43:6.. 

. .103.60... 

.. 99.25.. 

..100/-1.92®. . 

..100/-0.947®.. 

.0.820. 

. .0.303. 

. .0.959.. 

..0.630. 

.0.334 

6 ... 

.. .o+ye... 

..4.4+yi.4.. 

. .90+y43.6. . 

..106.19... 

.. 96.48.. 

.. 100/ -2.27®. . 

.. 100/ -0.642®.. 

. 1.225. 

..0.616. 

. .0.957.. 

..0.584. 

.0.407 

7... 

...o+ye... 

..2.3+y6.1.. 

..so+yeo .. 

.. 104.32... 

.. 99.35.. 

..100/-1.68®.. 

,. 100/ -0.830®. . 

..0.679. 

. .0.265. 

. .9.952.. 

..0.625. 

.0.331 

8... 

...o+ye... 

..4.4+yi.4.. 

.. 80 +y 60 .. 

..106.69... 

.. 96.87 . , 

..100/-2.02®.. 

.. 100/ -0.568®.. 

..1.260. 

. .0.548. 

. .0.958.. 

..0.585. 

.0.408 


The above data apply to Fig. 7. 

Impedance and voltage values are in per cent. 

Current values are in times normal. 

Currents h and I 2 occur with regulation and Ii' and h' are the corresponding currents without regulation. 

The network tie impedancet (2.3 +y5.1) is that of one mhe of standard 4/0 overhead line; and the tie impedance, (4.4 is that of one mile of l/O 

underground 3>conductor cable. 


near the load. Since the loads themselves do not change 
this assumption is Intimate for our present purpose. 

Prom the data of Table I the following pertinent 
facts may be observed: 

1. For highly reactive network ties, such as overhead 
lines, the distribution of load 3 between units 1 and 2 
substantially is the same wdth and without regulation. 
This fact apparently is equally true for all reasonable 
load power factors. Since the network studied is an 
extremely loosely-linked one, it may be concluded from 
the above that the load distribution in all networks 
with overhead ties is not influenced greatly by the action 
of the regulators. 

2. For highly resistive network ties, such as under- 
groxmd cables, the distribution of load 3 between units 
1 and 2 is much more unbalanced with automatic regu¬ 
lation than without. This unbalance is less pronounced 
at loww load power factors. 

3. The action of the regulators in cases 1,4, 6 and 8 
is to cause heavy circulating currents to flow from the 
adjacent unit to the remote unit as indicated by the 
magnitude of voltages Ei and E^. Since all of the E’s 
are in phase, these circxdating currents are highly reac¬ 
tive and the components of power current are relatively 
small. The actual division of power currents between 
imits 1 and 2 is about the same with or mthout regula¬ 
tion. 

The above results demonstrate the maximum possible 
effect that regulation may have on load division. The 
network in Fig. 7, of course, would never be found in 
practise. The otW exfreme, from the standpoint of 
load division, is the three-unit network shown in Fig. 
lA. In this case uniform load division under emergency 
conditions always will obtain and the regulators will 
have no effect whatever. 

The quantitative criterion that determines the man¬ 
ner in which a load at a givai point in a network 
the load on some transformer not in service) will dis¬ 
tribute to the various points of feed is the range of 
variation in the transfer impedances from the point of 
load to the respective points of feed. A load at a given 
point will distribute directly as the transfer admittances 
to the various points of feed. In a closely-linked net¬ 


work the variation in transfer admittance between one 
pair of feed points and any other pair of feed points is 
small, which means that a closely-linked network insures 
a maximum uniformity in load division regardless of 
whether the network ties are cables or overhead lines. 
Furthermore, the differences in transfer admittances 
between feed points are less for a large network than for 
a small one (with the exception of certain S3nnmetiical 
layouts), which indicates that a large network may 
havebetter operating characteristics from the standpoint 
of load division. It should be noted further that not 
only does the criterion of minimum differences in 
transfer admittances insure inherently a minimum of 
load imbalance, but this same criterion minimizes any 
tendency for the regulator action to set up drculating 


Fig. 7—This Impedance 
Diagram Represents a 
Simple 3-Unit Network 
Which Was Studied to 
Determine the Funda¬ 
mental Effects of Bus 
Regulators on Emer¬ 
gency Load Division 

The distribution of load C be> 
tween units 1 and 2 has been 
studied for various circuit con¬ 
stants. Refer to Table 1 



currents. To illustrate in a simple manner, refer to 
Fig. 7 and to case 4 in Table I. If the transfer admit¬ 
tances from the point of load ei. to the two sources, Ei 
and Ei, had been equal, not only would Ii and L have 
been equal, but their circulating components would 
have been zero. 

It may be stated in general that any effect which 
tends to improve load division under any emergency 
operating condition will also tend to limit circulating 
currents under the same condition. 

The above conclusions are borne out in actual operat¬ 
ing experience. In one particular case the transfer ad¬ 
mittances between load points and various feed points 
do not differ by more than 10 per cent. Even tiiough 
the network ties are highly resistive cables, the load 
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carried by any transformer under normal conditions 
distributes practically uniformly when that transformer 
is out of service. The unit receiving the mariTmim por¬ 
tion of the redistributed load receives only 25 per cent 
more of this load than the unit receiving the TniniTmiTn 
portion. Circulating currents are practicably negli¬ 
gible. 

Normal Network Operation 

The foregoing analysis and discussion have been con¬ 
fined to the design and operation of the network as 



Fig. 8—^This Impedance Diagram 
Represents A Simple 2-Unit Net¬ 
work Which Was Studied to 
Determine the Effect of Bus 
Regulators on a Normally Un¬ 
balanced Load 


affected by emergency operating conditions. The 
following discussion is concerned with normal network 
operation. 

Optimum network pafformance requires that: 

1. The regulators function to maintain approximately 
100 per cent volts at some point in the secondary distri¬ 
bution system. 

2. All circulating currents be reduced to a minimum. 

3. The distribution of load in the network feeders be 
maintained as uniform as possible. 

The chief instrument in operating the network to 
these requirements is the line-drop compensator. The 
following analysis will danonstrate how the compen¬ 
sator should be adjusted for various circuit constants 
to achieve these results. 

VoUage Regulation 

Consider a single network unit, which may be desig¬ 
nated as unit k, at any point in a network. The circuit 
constants associated with this unit are related by the 
following equations, which, though approrimate, are, 
nevertheless, quite accurate and well suited to the 
present purpose. These relations are sufficiently .well 
known as to require no proof. They are not vector but 
algebraic relations. 


Eh 

= gft -f aJt sin 6t 

(1) 


21 ttth cos dt 

6b -f- Eh 

(2) 


— Jl (R cos 0l -H at sin 0 l) + 100 

(3) 


= Bb — It (t cos — a: sin 00 = 100 

(4) 


where 

Ei = voltage impressed on transformer k in per cent. 
ei> = network unit bus voltage and reference vector. 

.= angle in radians between and 
o* = transformer reactance in per cent. 

It - magnitude of transformer current in times 
normal. 

dt = power factor angle of 1 1 with respect to et,. 

Jl = magnitude of load current in times normal. 

= power factor angle of II with respect to 
(Positive for lagging h and negative for leading 
/l.) 

ec.«. = voltage impressed on contact-making voltmeter, 
r = resistance setting of the compensator. 

X = reactance setting of the compensator. 

R - apparent resistance in distribution system to 
load center. 

X = apparent reactance in distribution system to 
load center. 

The vector relations of the above quantities are shown 
diagrammatically in Fig. 11. If there is no circulating 
current. It = h- Otherwise = Ir. + lo (vectorially), 
where Jc is the circulating current from Eh into the 
network owing to any cause whateva*. Since voltages 
at the load cento* should be ideally 100 per cent, and 
since ec.v. is likewise 100 per cent, the following alge¬ 
braic equation expresring the condition of perfect net¬ 
work regulation follows from equations (3) and (4) 
above: 

(Icp + Ilp) I' — (Ice + Ile) a: = IipB -t- IjjbX (S) 
where the added subscript P indicates power component 
of current, and the added subsmpt R indicates reactive 
component of current (both referred to ej). In equation 
(5), the reactive components of current are positive or 
negative accordingly as they are lagging or leading. 
If for any reason the left-hand member of this equation 


Pig. 9—^This 
Diagbam Rbpbe- 

SBNTS THB ELBr 
MBNTS OP THE 

Obnbeal Nbt- 
woEK Having n 
Regulated Peed 
Points 

Refer to the Appen¬ 
dix for the general 
analysis 



is less than the right-hand member, the voltage at the 
load will be too low. 

Equation (5) may be found particularly u^ul in 
determining the compensator setting best suited to 
good voltage regulation on the network. It is to be 
used on conjunction with equations (6) to (9) given 
below. Fig. 10 is a family of curves representing equa¬ 
tion (5) for an assumed load current of 100 per cent, 
0.96 power factor, and for i? = 3 per cent and X —1 
per cent (all resistances and reactances being in per cait 
on a 1,500-kva, 4.3-kv base). These load and circuit 
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constants were chosen because they are fairly repre¬ 
sentative of a large number of cases. 

As stated above, if equation (5) is satisfied by the 
compensator settings, good regulation will result. Note, 
however, that, if 100 per cent voltage is held at full 
load, the voltage at light load will be somewhat less 
than 100 per cent owing to the decreased power factor 
that inherently accompanies a light load condition. 

Circulating Currents 

In regards to the functions of the compensator, next 
in importance to voltage regulation is the limitation of 
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Percjent compansator reactance 


Fio. 10—^Thbse 
Ctjbvbs aeb Use¬ 
ful IN Dbtbemin- 

ING THE COEEECT 
COMFENSATOE 

SettingstoMain- 
TAiN Good Regu- 
laAon on a Pbi- 

MAET NbTWOEK 

pobVaeioub 
Amounts op 
PowEE AND Re¬ 
active ClBCULAT- 
ING CuEBENT IN 

theTbansfoemee. 
A 100 PEE Cent 
0.96 PowEE Fao- 
TOE Load Was 
Assumed. Cue- 

EENTS AEE IN PER 

Unit Values 


circtdating currents. As is well known and as is evident 
from equations (4) and (S), this is accomplished by 
means of inverse reactance compensation. If any cur¬ 
rent fiowing in the network unit transformer be resolved 
into power and reactive components, Jp and Je, the 
effect of that current on bus voltage, by virtue of the 
compensator action, is to add rip and to subtract xln 
volts. The effects of all other components of voltage 
are negligible. That is, the reactance compensation is 
effective in changing transformer taps only when 
reactive current is flowing, and the resistance compensa¬ 
tion is effective in dianging transformer taps only when 
power current is flowing. Since load current usujdly is 
of high power factor, the over-compoimding during peak 
loads is determined chiefly by the amount of resistance 
compensation. Also, since circulating currents usually 
are highly reactive, their suppression depends chiefly on 
the amount of reactance compensation. Both power 
circulating currents and reactive circulating currents 
are discussed below. 

Circulating currents due to differences in tap positions 
of the network transformer regulators always are highly 
reactive. If transformer k has an impressed voltage n 
taps above or below the voltage level of the network. 


and if each tap gives an increment change in of Ai?*, 
the circulating current into the network will be: 

loE = AEkDkhU (6) 

where !>** is the driving point admittance (reciprocal of 
driving point impedance) from transformer k into the 
network. Since Dtt is highly reactive. Ice will be highly 
reactive and will tend to change the magnitude of ct 
by the amount, AEuDki^n, (a voltage increase if Ice 
is leading and a decrease if Ice is lagging). One tap 
change should not produce a change in bus voltage 
greater than the contact-making voltmeter voltage band 
in order that pumping and instability of the tap 
changers may be avoided, i.e. 

AEkDkkX < C. V. Band (± 0.6 per cent) (7a) 
Furthermore, 2 tap changes should produce a change in 
bus voltage greater than the contact-making voltmeter 
band to msure that reactive circulating currents shall be 
limited to a value not more than that corresponding to a 
single tap change, i.e., 

2AEkDki^ > C. V. Band (7b) 

Unlike circulating reactive currents, circulating power 
currents usually are caused by phase-angle differences 
in impressed transmission voltages. If Ek is shifted S® 
from the voltage level of the network, the times normal 
circulating current will be 

Icp = 1.75P**5® (8) 

This cturent, being an in-phase power current, will tend 
to produce a voltage change in of magnitude, 1.75 
rDkiJ5°. This change in voltage impressed on the con¬ 
tact-making voltmeter will cause a tap change which in 
turn causes a reactive circulating current to flow. This 
reactive current will prevent more than a single tap 
change from occuring due to phase-angle differences 
provided 

A®*!)*** > 1.75 DkkrS° (9) 

The question arises as to how much circulating cur¬ 
rent owing to a difference in impressed-voltage phase- 


Ce.v. 


Pig. H —^Vector 
Relations of the 
Quantities De¬ 
fined IN Equa¬ 
tions (1) TO (4)' 



angle is permissible. This, of course, depends on the 
degree to which the network transformers are loaded. 
In general, a circulating current of from 0.10 to 0.16 of 
normal load current should not be objectionable. Since 
Dkk varies from 0.12 in large networks to 0.065 in sma.1T 
networks (these values are the inverse of percentage 
^ving point impedances, 1,600-kva, 4-1^7 base), in the 
average network, assuming a permissible circulating 
current of 0.16 of normal, the allowable phase shift of 
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Ek from the network voltage levd should not be more 
than 1 deg. 

Phase-angle differences in impressed voltages were 
determined on a particular network which is in opera¬ 
tion. The maximum divergence from the average was 
found to be 0.98 deg at the time of full-load. The re¬ 
sulting powe* drcidating currents were less than 0.10 
of normal and not objectionable. 

To illustrate the proper procedure in setting a net¬ 
work compensator, and to summarize the above analy¬ 
sis, the following example is given: 

Problem. A network imit in a small-rized network is 
fed by a feeder whose voltage leads the network level 
by 0,5 deg. The driving point impedance from the 
transformer into the network is 9.2 per cent, or Dkh 
= 1/9.2. The contact-making voltmeter band is 1.0 
per cent volts, and the regulator taps are 1.26 per cent 
volts each. "VShiat is the correct compensator setting? 

From equation (8), the power circulating current due 
to 0.5 deg voltage phase displacement is 0.095 of normal. 
A reactive circulating current corresponding to 1 tap 
change (which is, from equation (6), 0.186 of normal in 
this case) should be assumed since the power circulating 
current is sufficient to cause at least one tap change. 
From equations (7a) and (7b) the compensator re¬ 
actance X should be less than 7.85 per cent and greater 
than 8.68 per cent. For a first trial, let a: = 6 per cent. 
Then, (assuming average circuit conditions, i.e., 0.95 
power factor, B = 8 and X = 7) from equation (5) or 
from Fig. 10, the value of r is found to be 7.4 per cent, 
which value fails to satisfy equation (9). Howev^, if 
a: = 5 per cent, r == 6.9 per cent, which value satisfies 
equations (5), (7) and (9) and is satisfactory. 

Unbalanced Load 

It is highly desirable that a network have character¬ 
istics such that a normally unbalanced load will dis¬ 
tribute uniformly among the various points of feed. 
The natural impedance characteristics of a network 
promote uniform distribution of load whether the net¬ 
work be regulated or not. This fact is borne out in the 
calculating board studies illustrated in Figs. 3, 4, 5 
and 6. 

In order to study the problem of distribution of 
unbalanced loads, the simple two-unit network shown 
in Fig. 8 was analyzed. The circuit constants and calcu¬ 
lated data applying to this figure are stimmarized in 
Table II. It may be noted that two 0.95 power factor 
loads (load 1 being 10 per cent above normal and load 2 
being 10 per cent below normal) were assumed. The 
distribution of loads was calculated assuming bus regu¬ 
lation 61 = 68 = 100), and then assuming no ref¬ 
lation at all at the network busses (this latter case being 
equivalent to regulation at the generating station). 
The layout was studied assuming the network tie to be a 
highly reactive overhead line (case 1), and assuming it 
to be a highly resistive underground cable (case 2). 


An examination of the data in Table II will substantiate 
the following facts and conclusions. 

_ TABLE n __ 

Quantity 


measured 

Case 1 

Oase 2 


. j& 

.J6 

b . 

. 2.3 +>5.1... 

. 4.4+ >1.4 

Cl. 

.1.1 (95 +>31)... 

.1.1 (96 +>31) 

C2. 


.0.9 (96 +>31) 

El . 

, ,.101.68 

...101.08 

E2 . 

...102.86 ....’ 

'...103.40 

Cl. 

...100.0 /-3.12®... 

...100.0 /-3.04° 

62. 

. .,100.0 /-3.27®... 

... 100.0 /-3.86» 

/l. 

.0.962/ - 17.2«... 

.0.902/ - 11.4° 

I 2 . 

.1.063/-26.4°.,. 

.1.129/ - 30.2° 

h' . 

.0.982/ - 20.8°... 

.0.996/ - 19.8° 

/2'. 

.1.028/-23.3°... 

.1.013/ -23.8° 

/LI. 

.0.910/ - 18.2°... 

.0.910/ -18.2* 

JL2. 

. 1 . 100 / - 18 . 2 °... 

...... 1 . 100 /- 18 . 2 ° 

■Tl. 

. 2 . 010 / - 18 . 2 °... 

. 2 . 010 / - 18.2° 


The above data apply to Fig. 8. Impedance and voltage 
values are in pdr cent. Ourrent values are in times normal. 
Currents lu h and II occur with bus regulation, and cur¬ 
rents h* and I 2 ' are tlie corresponding currents •without regu¬ 
lation. The‘circuit constants are similar to those studied in 
Fig. 7, Table I. 

The distribution of the load between the 2 network 
transformers is somewhat better without bus regulation 
with, particularly so when the 4-kv tie is imder- 
ground cable. 

Thus, bus regulation alone, without compensation 
cannot be said to improve load division. However, 
suppose that compensation of the type described above 
be incorporated in the network units of Fig. 8. In case 
1 in which the network tie is a highly reactive overbad 
line, a power circulating current flows from unit 1 which 
is imderloaded to unit 2 which is overloaded. This 
power circulating current helps to balance up the load 
in the mainner already indicated, but its effect on the 
compensator is to cause Hi to increase and Et to decrease 
slightly, whereas the opposite effect is desired if a more 
eqmtable division of load is secured. Actually, the 
magnitude of the power circulating current in this case 
is so small that it would not result in any tap change at 

all- . ' 

Now consider case 2 in which the network tie is the 
highly resistive underground cable. Hmre the circu¬ 
lating current is highly reactive. This reactive current, 
in itself, has little effect in balancing up the load. How¬ 
ever, its action on the compensator, in contrast with the 
corresponding action of case 1, is to cause JS, to increase 
and El to decrease, which action has a ben^cial effect 
in balancing up the loads. It should be noted further¬ 
more, that, whereas the circulating current in case 1 
is small in magnitude, the drculating currait in case 2, 
on the other hand, is of appreciable magnitude and will 
result in an actual change of taps. 

The above analysis leads to the condurion, then, that 
for networks inherently endowed with unbalanced 
loads, the resistance compensation should be somewhat 
ffrnallftr when the ties are overhead lines than when they 

































942 


STARR: THEORY OP PRIMARY NETWORKS 


Transactions A.I.E.Hj • 


are cables. Networks having overhead ties have a 
greater inherent tendency to balance loads than do net¬ 
works with cable ties. Networks with cable ties, on the 
other hand, are able better to improve load division by 
virtue of the effect of the inverse reactance compensa¬ 
tion. 


Appendix 

Analysis of the Regulated Network 
Mg. 9 is a simplified impedance diagram of a primary 
network that is intended to represent any network 
having n points of feed. The transformers feeding the 
grid are r^resented by impedances Ui, a^, etc. These 
' transformer impedance links are intended to include the 
impedances of the transmission lines feeding them, 
which however usually are negligible. The E^a are the 
voltages impressed on the various transformers, and 
their magnitudes will vary from 100 per cent depending 
on the tap positions of their respective load ratio control 
equipments. The c’s are the bus voltages of the re¬ 
spective network units. It will be assumed here that 
the E’a are all in phase, and that the e’s are all equal in 
magnitude and equal to some value, say 100 per cent 
volts. Loads are not shown in Mg. 9 since the following 
analysis applies without respect to the manner in which 
the network is loaded. 

The currents flowing into the general network of 
Mg. 9 at the various points of feed will be: 

11 = DiiEi -f- DiiEi + •••-!■ DiiEn 

1 2 = D 21 E 1 D 22 E 2 D 2 nEn 

( 10 ) 


In = DnlEi -f- DnJE2 -{-... -j- DnnEn 
where Dn, D 22 • • • l?n» are the driving point admittances 
from feed points 1, 2 ...« respectively, and coefficients 
of the form D,k are transfer admittances (between 
points j and k). These coefficients are the characteris¬ 
tic admittances of the network and may be determined 
readily by measurement or calculation.’" 

In addition to equation (10) the following vector 
relations are evident: 


ei + aih = El 

€2 -t" © 2 X 2 . = E 2 

( 11 ) 


e» + aJn = En 

In addition to equations (10) and (11) the conditions 
of the problem specify that all of the E’a are in phase 
but of unknown magnitude, and that all of the e’a are 
equal to 100 per cent volts but of unknown phase angle. 

If in equation (10) above the j’th equation be multi¬ 
plied through by Uy, and the k’tla. equation be multiplied 
through by at, and so on, and then if the term aiJk on 

*Eefer to Equivalent Circuits —J, Tbans. A.I.E.E., VoL 51, 
June 1932, p. 287. 


the left of each equation be replaced by Ek — e*, there 
results: 

—ei = (Diiai—l)Ei+{Di^i)E2 + ... +(Di»®i)JStn 

— 62 = (jD2i02 )-E'1 + (-02202— i.)E2-\~ . . . •i~(D2nd2}En 

( 12 ) 

— en — (Dnian)Ei +iDn2ff’n)E2 + . . .“h(0„„o#—1)£7» 
Let equation (12) be written as: 

Dll El + Di2'E2 -t" . • • Din'E„ = Cl 
D 21 E 1 -J- i?22^-2'2 + • . • D2n'En = ^2 

(13) 


Dnl'Ei -t* D„2'E2 -!-••• Dnn'En = C„ 

Let the real and imaginary components of the Z>' 
coefficients be O,*' = m,* + jufk. Since all of the £7's 
are in phase the following algebraic relations may be 
written: 

miiEi -f- mi^2 -f-.. • minEn — Rifii) 
m2iEi m22Ei -I- ... + ni2nE„ = R{e2) 


(14) 


W,nlEi m»2£'2 l^nnEn = R(en) 

where i2(c*) is the real part of c* (using E as the reference 
vector). Since ek Ek— «*!*, and since aiJk is never 
greater than O.OTc*, it follows that R(ek) will differ from 
the magnitude of Cj, by not more than 0.0026*, and it is 
therefore proper to replace the right-hand members of 
equation (14) by c. Equation (14) may be solved! 
readily for the E’a by means of determinants or a simple 
calculating board set-up. Then the I’s may be de¬ 
termined from equation (10). 
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Discussion 

Leonard M. Olmsteds The design of any network should 
provide sufficient capacity in excess of normal load requirements 
to carry, without exceeding the permissible overload capacity of 
any transformer, the additional load imposed upon the remain.*- 
ing transformers when a certain number of transmission circuits 
is out of service. This number is determined by the total num¬ 
ber of circuits supplying the network, by the policy governing’ 
times during which circuits are de-energized for routine work, and 
by previous experience, with network feeder outages. This 
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emergency loading is a function of the total amount of load 
normally carried on the transformers out of service, the location 
of these transformers in the network, and the relative impedances 
of the network mains and transformers. 

Cognizance of the importance of proper emergency capacity 
for satisfactory operation of network systems led us, some 16 
months ago, to initiate an extensive calculating board analysis. 
Sipce out network dopers from Mr. Starr’s only in the inclusion 
of 4 more transformers located one at each corner of the net¬ 
work, and the omission of the long tfes shown in Pig. 2 of his 
paper as 6-27, 13-34, 20-43, etc., it is reasonable to compare the 
results. Our methods of analysis are too dissimilar to permit 
direct comparison for interlaced transmission, but we have 
handled the parallel transmission in exactly identical manner and 
accordingly those results will be studied. 

For 4-kv mains between adjacent transformers and the trans¬ 
formers each of 6 per cent impedance, with circuit D out of 
service, our analysis shows that each transformer on circuits C 
and B pipks up 32 per cent of the load dropped by one of the 
transformers on D. Since Mr. Starr has additional ties to im¬ 
prove the distribution, his figure of 30 per cent for transformer 
No. 24 must be considered a close check. 

A network must be designed, however, to withstand the most 
extreme reasonable load distribution, which is represented in our 
study by circuit A being out. For this case, transformers on 
circuit B pick up 62 per cent of the load dropped by circuit A. 
In the paper, however, the corresponding outage causes maximum 
increase in load of 35.6 per cent. Such decided improvement in 
the emergency load distribution suggests that the seemingly 
slight differences between the two layouts are actually of con¬ 
siderable importance. Accordingly, Mr. Starr’s network has 
studied for 6 per cent impedance transformers and mains, with 
interesting results. 

The first set up had exactly the same arrangement of circuits 
as shown in Fig. 2 of the paper. It was assumed that the 4-kv 
circuits are all of the same type of construction and would there¬ 
for have impedances proportional to the distances. Thus 6-13, 
13-20, 20-21, etc., would all be 6 per cent, 1-6, 34-41, 6-12, and 

40- 45 would be 12 per cent; 6-27, 13-34, 1-4, 2-5, 12-33, 19-40, 

41- 44 and 42-45 would be at least 18 per cent, and the long ties 
20*43 and 3-26 would be 36 per cent impedance. Using these 
impedances, with circuit A dead the percentages of normal cur¬ 
rent corresponding to those shown in Fig. 6 for 6 per cent im¬ 
pedance in network mains become as follows: 

No. 21—47%, No. 7—42%, No. 1—30%. 

No. 22—18%, No. 23— 7%, No. 24r— 4%. 

The numbers refer to the transformer locations shown in Fig. 2 
of the paper. 

If the long ties are shortened by 29.3 per cent to represent the 
diagonal distance, the percentages of normal current become: 

No. 21—46%, No. 7—42%. No. 1—80%. 

No. 22—18%, No. 23— 6%, No. 24— 3%. 

In order to check the published figures, it was necessary to 
reduce all impedances, including 1-6, 34-41, etc., 6-27, 13-34, 
etc., and the long ties 20-43 and 3-26 all to 6 per cent. It is 
exceedingly difficult to perceive how such reductions could'be 
accomplished in practice, but the following results clearly indi¬ 
cate that such was the basis for the paper: 

No. 21—36%, No. 7—35%, No. 1—30%. 

No, 22—14%, No. 23— 7%. No. 24— 4%. 

Having demonstrated that with reasonable impedances 47 
per cent, or at least 46 per cent, is the maximum load transferred 
to an adjacent transformer when circuit A is de-energized, it is 
next pertinent to ascertain the reduction in loading attributable 
to the ties 6-27,13-34, etc., and 20-43, and 3-26. With these ties 


open, the load on No. 21 is 51 per cent, thereby indicating reduc¬ 
tion of 4 to 5 per cent for practical values of impedance in the 
ties. 

Without the above ties, the network differs from ours only by 
the omission of one transformer at each end of circuits A and G. 
This reduces the load dropped by circuit A by 28.6 per cent, and 
thus reduces the additional burden thrown upon circuit R. At 
the same time, however, the capacity on circuit A available to 
carry load when circuit B is de-energized, has been reduced by 
28.6 per cent and it is pertinent to investigate whether the load¬ 
ings may not be greater than that thrown on transformer No. 24 
when circuit A is out, which the casual reader of the paper would 
infer to represent the worst condition. Considering first the 
system layout that gave loadings in accordance with Fig. 5 of 
the paper, it is found that No. 6, No. 13, and No. 20 pick up 
49 per cent, 46 per cent, and 40 per cent, respectively, all of which 
exceed the 35.6 per cent shown in Fig. 5. Similarly with reason¬ 
able values of impedance in the longer tie circuits the loading on 
No. 6 is 62 per cent; without the ties, the loading becomes 59 
per cent. 

From the above disclosures, it is concluded that the paper 
does not show the worst loadings for parallel transmission even 
for the network constants upon which it would seem to be based. 
Furthermore, it seems impractical to, install the circuits of from 
3 to 6 times the length of the ties between adjacent transformers 
to have the same impedance as the shorter connections. In fact 
the writer is of the opinion that it is more practical to eliminate 
the tie circuits outside the square network entirely, in their 
place installing 4 more transformers located one at each comer 
of the mesh. It is believed that this change entails little, if any, 
increase in system investment, provides more satisfactory operat¬ 
ing characteristics, ajnd can be so loaded as to increase the load 
capacity of the entire network. 

M. S. Schneider: The three-phase 120-208-volt network in 
Cincinnati is supplied by four 13.2-kv circuits. Three of these 
have induction regulators with standard control and com¬ 
pensators. The compensators were first set to correspond to tiie 
circuit resistance—reactance ratio or approximately 1 to 10. This 
resulted in circulating rkva, which, of course, caused one regula¬ 
tor to “boost” and the other to “buck” still more, with the final 
result that unbalanced voltage and loading existed on the circuits. 

In order to improve conditions, the resistance—^reactance ratio 
was changed to 10 to 1 approximately. The result is that the 
regulators are now affected almost entirely by the kilowatt load 
which does not change appreciably with a voltage change on one 
cfircuit. This naturally stabilized their operation and improved 
the voltage conditions as well as the loading. 

The following tabulation shows this improvement: 


Volts Olrcu- 

—- lating 

Maximum Minimum Difference rkva 


Before change in compensar 

tion.181.126.6.576 

After change in compensation... 129.127.2.200 


Reversed compensation has not been necessary. However, 
there is some thought of increasing voltage during heavy load 
and in that event slight negative reactance compensation wiU be 
used. 

F. M. Starr: Mr. Olmsted has presumably misinterpreted 
the significance of the network shown in Fig. 2. It was intended 
in this layout to simulate an infinite network so far as the inter¬ 
nal operation of the network is concerned. This procedure was 
necessary in order to establish general principles of network 
emergency operation. It should not be construed, therefore, 
that the network of Fig. 2 represents an actual physical layout. 

As Mr. Olmsted has stated, an actual layout would not have 
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ties 6-27, 13-^4, 20-43, etc., connected as shown. However, it 
always is possible to arrange a network with 4 ties of low im¬ 
pedance emanating from each unit. Such a layout will give 
results entirely similar to those indicated in Figs. 3, 4, 5 and 6. 
The author has made numerous load studies on a great variety 
of actual network layouts and has found that it is invariably 
possible to limit emergency overloads to a maximum of about 
40 per cent. 

Mr. Olmsted has shown that, by putting network units in the 
comers of the layout as shown in Fig. 2 and by increasing the 
impedances of some of the ties, a greater load unbalance can be 
obtained. This is absolutely true and proves absolutely nothing. 
Obviously a unit tied into the network with only 2 ties is going 
to overload the 2 adjacent units excessively when it is out of 


service. But it is never necessary to design a network in any such 
fashion, and the overloads existent with such conditions may 
always be avoided. 

Mr. M. S. Schneider has presented some interesting results 
demonstrating the reduction in circulating currents which can 
be obtained by going to high-resistance compensation. He ac¬ 
complishes approximately the same result by using high-re¬ 
sistance compensation and a relatively low-reactance compensa¬ 
tion as is accomplished in the primary network by using negative 
reactance compensation. Where considerable over-compounding 
at the unit bus is required to hold voltage at the load, it will be 
found necessary to use some negative reactance compensation 
with a fairly high-resistance compensation to avoid reactive 
circulating currents. 



Transient Torques in Synchronous Machines 

BY M. STONE* and L. A. KILGOREf 

Associate, A.I.&.S. Associate, A.I.B.E. 


Synopsis* —The calculation of the alternating torque developed 
on single^phase short circuit has been discussed by previous 
authors,^ This paper extends the analysis of the electrical torque 
on short circuit to cover the transient torques due to losses, which 
although not so large as the alternating torques may he the most 
serious factor in the effects of short’-circuit torques. 

The resulting mechanical torques in the various parts of the 
machine are analyzed, and some important conclusions reached: 
(1) That a rigid stator transmits all the electrical torque developed; 
while the shaft and coupling of a coupled set, or the springs in a 
spring-'inounted stator in general need transmit only a fraction of 
the alternating components. The greater pari of the alternating 
components of the electrical torque are absorbed by the inertias in^ 


volved, when the natural frequency of torsional oscillation is below 
the rated frequency. This is the case always for spring^mounted 
stators, and almost always the case for coupled rotors. 

That the sudden increase in torque on shorUdrcuit conditions 
determined by losses in the negative sequence resistance (mainly the 
rotor losses) or in the resistance of the external circuit, may produce 
higher mechanical torques in shafts and couplings than the alter’* 
noting components of the electrical torque. 

($) That there are other transient conditions which may produce 
more serious mechanical torques than sudden short circuit. These 
are: (1) synchronizing out of phase, (^) allowing a machine to pull 
out of step and remain connected to the system until the slip fre¬ 
quency approaches the natural frequency of torsional oscillation. 


General Discussion 

T has long been known that very high values of 
alternating torques are developed on sudden short 
circuit. One of the early incidents that revealed the 
magnitude of such forces occurred when the holding 
down bolts of the first large generators for Niagara were 
sheared off due to a short circuit. There have been 
very few failm^s in recent years because adequate 
allowance for these forces are made in design. A num¬ 
ber of excellent papers'have been written on the 
calculation and measurement of the alternating com¬ 
ponents of electrical short-circuit torque. Very little 
has b6en published, however, concerning the mechanical 
effects of transient torques. 

In this paper, the resulting mechanical torques in the 
various parts of the machine are analyzed for the dif¬ 
ferent components of transient electrical torque. The 
analysis of the electrical torque is extended to include 
the initial torques due to losses, which are found to be 
relatively important. Other transient conditions that 
may produce more serious torques are discussed. The 
general discussion and simplified calculations are given 
first, since these are of most general interest. 

Discussion op Results 

The electrical torques developed on sudden short 
circuit may be resolved into alternating components 
and loss components. The alternating torque consists 
mainly of a rated frequency torque due to the reaction 
of the flux with the assrmmetrical armature current, and 
the double frequency torque due to the alternating 
current. The loss torque is due mainly to losses in the 
negative phase sequence resistance of the machine and 
in the external resistance, if any. The peak value of 

*116860X011 Laboratories, Westinghouse Elec. & Mfg. Co., 
East Httabiu^b, Pa. 

tPower Engg Dept., Westingbouse Elec. & Mfg. Co., Bast 
Pittsburgh, Pa. 
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the electrical torque is limited chiefly by the sub¬ 
transient reactance (z/) although for machines with¬ 
out damper windings, the difference between the direct 
and quadrature axis reactances (»/ — a:/) increases the 
peak torque. 

Tsqiical values of peak electrical torques for the 
sevMal types of synchronous machines (expres^d in 
number of times the “unit torque,” corresponding to 
rated speed with a kilowatt load equal to the rated 
kilovoltampere) are as follows: salient pole machines, 
6; 1,800-rpm turbine generators, 10; and 3,600-rpm 
turbine generators, 14, 

Concerning the medbanical effects: the total el^- 
trical torques developed are considered to be trans¬ 
mitted undiminished throu^ a rigid stator—^but it is 
relatively easy to design a stator to carry this peak 
torque. However, for the shaft and coupling between 
mechanically coupled rotors, the peak mechanical 
torque fortimately is almost always reduced con- 
sidmibly, since the greater part of the dectrical torque 
developed is absorbed by the inertia of the rotors. (The 
term “mechanical torque” is used here to distinguish it 
from the electrical torque developed.) 

The quantitative effect of the inertias of the coupled 
rotors and the spring action of the shaft in reducing the 
effective torque is shown by equation (4). It may be 
seen , that where the natural period of torsional oscil¬ 
lation is below the rated frequency (as is the case 
almost always) the alternating components are greaUy 
reduced. The ratio of the inertia of the coupled rotor 
to the sum of the inertias, (Ji)/(Ii. H- 7,) also enters in 
the reduction of shaft torques. Calculations on t 3 T)ical 
large machines of each type showed values of per unit 
peak shaft torque due to single-phase short circuit from 
no-load to be less than 0.5 for waterwheel machines and 
2.0 for turbine generators. The transient torque in 
waterwheel shafts are particularly.low due to the low 
inertias of water turbines. While these figures are for 
typical machines, individual machines may vary con¬ 
siderably because of the possible variations in natural 
frequency. 
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The springs of a spring-mounted single-phase ma¬ 
chine, do not transmit much of the alternating torque. 
There is no reduction due to a ratio of inertias, since the 
foundation is considered rigid, giving in effect an infinite 
inertia; but the natural frequency is always kept well 
bdow the rated frequency. An example of test and 
calculated curves for this case is given in Fig. 1. The 
spring torque was determined by recording the in¬ 
stantaneous spring defiections on a vibrograph. The 
inertia torque of the stator was also measured by use 
of a hydraulic accelerometer. 

The mechanical analysis leads to another important 
conclusion: that there are other possible transient con¬ 
ditions which may produce more severe mechanical 
torques than sudden short circuits. These conditions 
are (1) synchronizing out of phase, and (2) allowing a 
machine to pull out of step and remain on the system 
until the slip frequency approaches the natural fre¬ 
quency of torsional oscillation. Tranrient torques due 
to system power oscillations, in which the machine does 
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not pull out of step, generally do not produce serious 
torques because the oscillation frequency always is 
lower than the natural frequency. 

It is, of course, well known that throwing a machine 
on a large system out of phase by more than 60 deg 
produces a worse electrical transient than sudden short 
circuit; this analysis shows that even with a 30 deg 
angle, a low reactance machine (such as a 3,600-rpm 
turbine generator) will have a suddenly applied average 
electrical torque of about four times normal in addition 
to the alternating components, and may produce more 
serious mechanical effects. 

The tranrient assodated with a machine pulling out 
of step produces no very serious torques unless the 
machine is allowed to remain on the system imtil the 
slip frequency approaches the naturd frequency of 
torsional osci^tion. This slip will generally be of the 
order of 10 per cent or hi^er. The slip frequency elec¬ 
trical torque developed xmder this condition will not be 
much greater than rated torque, but as the resonant 


frequency is approached, the mechanical torques are 
limited only by the mechanical damping and the speed 
of passing through resonance. Very high mechanical 
torques are possible and this condition should always 
be avoided. 


Simplified Calculation op Electrical and 
Mechanical Short-Circuit Torques 


As stated previously, a rigid stator frame transmits 
the peak electrical torque developed—the complete 
equation for the instantaneous torque being given by 
equations (5) and (9). A simple, but useful, approxi¬ 
mate expression for the peak torque on single-phase 
short circuit, neglecting decrements and losses, may be 
used (the symbols being as defined at the end of this 
section): 


2.6 Co* 
ZoH-a;/ 


[l+17( 


Xi - x/ 
Xi -f Xd" 



For a short circuit at the terminals, the loss component 
does not add much to the peak and it is offset approxi¬ 
mately by the neglected decrement effects. Where the 
external resistance is appreciable, the initial asymmetri¬ 
cal loss torque, Tz (as defined in equation (3)), should 
be added. 

For the case of coupled rotors, the peak mechanical 
torques in the shaft or coupling can be determined by 
plotting the simplified formula, equation (4) for one 
cycle. This simplified formula was derived neglecting 
all decrement, but an approximate factor may be ap¬ 
plied to peak torque to take this into account; calcula¬ 
tions based on the more complete analysis (equation 
(17)), show this factor to be about 0.9 to 0.8 for most 
normal machines. Cases approaching resonance are 
treated in the latter part of this paper including both 
the mechanical and electrical decrement; it is sufficient 
to emphasize here that resonance should always be 
avoided. 

Certain other justifiable assumptions are made to 
simplify the results. The effect of resistance in limit¬ 
ing the current and the average change in speed are 
neglected. The effect of the higher harmonics (above 
the second) are also neglected. The short circuit is 
assumed to occur at the instant of maximum inter- 
' linkage, since this gives the maximum electrical torque. 
The formula is derived for a short circuit from no load 
which gives the greatest sudden increase in average 
torque and hence almost always would give the highest 
peak shaft torque. 

Based on the assumptions stated above, the per unit 
electrical torque (T.j) may be written for a single-phase 
short circuit as: 

T,i == Ti sin (at — Tz sin 2 (at 

, 4 

1 — cos (at -I- 




(2) 
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For a line-to-line short circuit: 

m 2eo* 

“ *2 + a:/ 


on the equivalent three-phase rating = VS times the 
single-phase kilovoltampere. 

Unit resistance is on the same basis as unit reactance 
and is identical numCTically. 


_ 2eo^ r xt Xj- x/ ~| 

* *2 + */ L *2 -1- Xd" a;2 J 

J»1 

~ for 012 = x/ as for turbine generators 

and machines with damper windings. (3) 

Line-to-neutral short circuit may be calculated by 

•adding ^ ) to x/ and Xi in the above formula and 

•adding ro/4 to the external resistance (r); except where 
To is greater than */. 

The mechanical torque equation for two mechanically 
■coupled rotors, obtained from equation (17) by putting 
•all the decrement factors equal to zero, is: 



Notation. Per unit notation is used for torques, cur¬ 
rents, voltages, r^ctances and resistances; that is, the 
values are expressed as the number of times the unit 
value. The unit value for the several quantities is 
taken as follows: 

Unit torque is the torque corresponding to rated speed 
with a kilowatt load equal to the kilovoltampere rating. 
For single-phase machines the reactances and re- 
•sistances are based on the equivalent three-phase 
kilovoltampere, hence unit Jerque corresponds to a 
kilowatt load equal to VS times the single-phase 
kilovoltampere. 

Unit voltage is rated maximum phase voltage. 

Unit current is rated maximum phase current. 

Unit reactance (is what is usually termed 100 per cent 
reactance on the machine kilovoltampere base); in 
ohms per phase it is unit voltage divided by unit cur¬ 
rent. For single-phase machines unit reactance is based 


lAst of Symbols. The following list of symbols covers 
all the terms used more than once; a few others are 
defined as used. 


c 


= mechanical damping factor = 


2Iin 

k 


So = per unit voltage previous to short drcuit. 

1 1 = inertia of the coupled prime mover or other 
rotor (in. lb per sec*). 

li = inertia of the rotor of the short-circuited ma¬ 
chine. 

k = elastic constant of shaft, or springs (in. lb per 
radian). 

m = mechanical decrement factor for shaft or 
springs. 

r = per imit external resistance (positive or nega¬ 
tive sequence). 

ri = positive phase sequence resistance of the 
machine. 

ro = zero phase sequence resistance of machine and 
external circuit. 

Ti = negative phase sequence reastance of the ma¬ 
chine; for turbine generators r2 should be cor¬ 
rected for saturation at the high current values. 

T - the (per unit) instantaneous mechanical torque. 

Ta = alternating component of the electrical torque. 

Ta = the armature time constant. 

Tdt - the transient open-circuit time constant. 

Tdo^ = the subtransient open-circuit time constant. 

T,i = the instantaneous electrical torque. 

Tl = loss component of the electrical torque. 

Ti = the initial amplitude of the rated frequency 
component, of electrical torque. 

72 = the initial amplitude of the double frequency 
component. 

Ts = the initial value of the asymmetrical (i.«., 
average) component of the loss torque. 

Xd — direct-axis synchronous reactance. 

Xd = direct-axis transient reactance. 

Xd = direct-axis subtransient reactance. 

Xq" = th e quadra ture-axis subtransient reactance. 

Xi = Va;/•*/the effective negative phase sequence 
reactance for single-phase short circuit. 

Xo — zero phase sequence reactance. 

a = effective decrement factor for the initial decay 
of the rated frequency component of torque. 

jS =: effective dewement factor for the initial decay 
of the double frequency component of torque. 

y = the effective decrement factor for the initial 
decrement of the loss component of torque. 

6 = base of natural logarithms = 2.71. 

<l> = angle between the direct-axis and the axis of 
the short-circuited phase. 
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<t>i = per unit angle defining the position of the 
coupled rotor in space, unit angle being taken 
as the angular deflection of the shaft or the 
springs for unit torque. 

<pi = per unit angle defining the position of the rotor 
of the machine short-circuited, 
w = 2Trf, where/ is the rated frequency. 
cOc = 2irft, where /« is the natural frequency of 
torsional oscillation. 


Electrical Short-Circuit Torque 


AUemaHng Component. Formulas for calcidating the 
alternating component of short-circuit torque have been 
given by Penney’' and others, but a recent paper' by 
Niclde, Pierce and Henderson gives a solution ^tten 
in a smes form equation (5), which is most usable. 
Penney’s’' torque formula was based on the change of 
stored magnetic energy. The authors of the former 
paper' start with a fundamental equation derived by 
Park* from considerations of the instantaneous power 
output for no change in stored magnetic energy. This 
same fundamental relation was derived from a still 
different point of view based on the fundamental dis¬ 
tribution of flux and current in the air gap. The chief 
rnoit of the new derivation is that it gives a simple 
physical conception and makes possible the calculation 
of the radial forces in the air gap as well; however, space 
limitations do not permit including it here. 

The equation for the alt^ating component of sin^e- 
phase short-circuit torque Tx is quoted from the 
paper' mentioned above, except for using (cot) instead 
of {and 4> for a. 


Tx 


ei? 
*2 + 


2FA 2 ni» * sin % {(at + 4>) 

n- 1,8, 6 . . . 


' sinn(««H-^)| 

»-2,4,6, ... •’ 

(5) 

where F is the rotor interlinkage as a fraction of the 
initial value and A is the armature interlinkage as a 
fraction of the maximum possible value at the instant 
of short circuit. 


A = 


6 


t 

COS <#> 


x/ + Xi (a;/ + X 2 ){Xd- Xg') 

Xa + Xi {Xd -t- a:2)(a:<i' + Xi) 


^ / Xd +^2 \ 

g Tdo' V ) 


Xd! — Xd 
Xd -f Xi 



Xi - X/ 
Xi + Xd" 


Loss Torques. The component of torque due to the 
losses can be calculated from resistance losses produced 
by the instantaneous currents in the armature and the 
induced currents in the direct and quadrature axis rotor 
circuits. An accurate &q>ression for the instantaneous 
loss in all the circuits at any time would necessarily be 


very complicated; however, a relatively simple expres¬ 
sion may be obtained which is sufficiently accurate in 
the first few cycles where the loss torques are of conse¬ 
quence. To obtain this simple solution the effective 
rotor resistance in each axis will be taken as 2 (r 2 — r i); 
the factor 2 enters in this expression because (r* — ri) 
is only half the rotor loss for unit negative phase 
sequence current, since the other half is supplied 
mechanically by the rotor. This assumes that all of 
the components of armature current induce correspond¬ 
ing damper winding circuits, which is true only initially 
since after a few cycles the as 3 nnmetrical component of 
the damper current has disappeared completely. 

For a line-to-iine short circuit the loss in the armature 
circuit can be calculated also in terms of the direct and 
quadrature-axis components of current (id) and («,). 
The resistance coeffiden^t for the armature circuit is 
(ri + r) where r is the external resistance per phase and 
fi the positive sequence resistance of the machine. It 
is true that the resistance coefficient for the assma- 
metrical current is something less than ri, but the differ¬ 
ence will have a negligible effect on the loss. The total 
resistance coeffident is then: (r -|- 2 r 2 — ri), and the loss 
torque (Tl) is: 

Tl = \ {t + 2rii— fi) (6) 

Neglecting the higher harmonics the components of 
current on a line-to-line short circuit are: 

2^0 

id = fF cos (w< -t- 0) - A] cos {<at -f 4>) (7> 

2eo 

in = - [Fcos {o>t + <!>)-A] sin (cot -t- 4>) (8> 

Hence: 

4eo“ r / F** \ 

“ {Xi + Xd"y l(-r 

F* 1 

+ cos 2 (cot -1- (^) J [r -1- 2 r 2 - ri] (9> 

For a line-to-neutral short circuit (xo/2) should be 
added to both a:/ and Xi, also (1/2) (ro) should be added 
to the external resistance (r) to take into account the 
neutral resistance which may be quite high. Where the 
neutral resistance is of the same order as the reactance, 
its effect in limiting the current should also be taken 
into accoxmt. 

Approximations for the Initial Decrement. The ac¬ 
curate expression for the electrical torque is given by 
the sum of equations (5) and (9); but for calculations 
of mechanical torques in the shafts of two coupled 
rotors, or in the springs of spring-mounted machines, 
it is desirable to simplify these expressions. Since, 
except for cases near resonance, the peak mechanical 
torque will occur within one cycle of the natural oscil¬ 
lation, approximations for F and A, which are accurate 
for a few cydes, will be used. The other necessary 
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assumptions are the same as stated for the simplified 
ealciilations. 

For the first few cycles, the following approximations 
are made: 

F ~ and A s: € (10) 

where 

1 ( Xi' — Xd \ 1 

Tdo" \ */ + ~Tr 

In simplifying equation (5), the decrement of the 
double frequency torque will be considered determined 
by F*—^the error being small, since the coefficient of A* 
is smaller than that of FK With these approximations: 
T,i = Ti ^ (at — Ti €“^‘ sin2a>« 

+ Ti — 4/3 e““‘ cos (ot + 1/3 cos 2<at\ ( 12 ) 

For single-phase short circuits, the values of Ti, T* and 
Ti are as given by equation (3); and: 

a = 07 - 1 - or„ ] 

/3 = 2 a-y ( 13 ) 

“y = 2/3 (2<r« -f- <r/) > 


Ii + Ia )“ 




[((Oc'y - (2«)» -I- 03 - nYf + [4(/3 - r,)(af 
{[(«<!0*~(2«)®-|-(j3—ij)*] sin 2«{-|-[4(j8—ij)a)] cos 2ci)t\ 




c-yt 


[(wc)* — 2i?y -t- 7*] 


__ 4/3 _ 

[(ca/y - £0* + (a - vy? + [2 (a - v) «]* ‘ 

{[(w«0*~ + («“ »?)’“] co6 [2 (a— v) «]sin cat } 

_ 1/3.6-<“ _ 

+ [(«/)»- (2(ay + 03- vy? + [4 08- 1 ?) wp * 


{[("«')*-(2 w)®+03—»?)*] cos 2a)f-[403—ij)«] sin 


in 2 a>t} J 


h 


+ - 7 —;— 7 - . [T' an (a/t + T" cos (o/t] (17) 

Jl + -12 


Mechanical Short-Circuit Torques 


Shaft Torques. The mechanical torque in the shaft 
and coupling between two coupled rotors may be 
analyzed as follows. The equation of static equilibrium 
of the two rotors can be written: 


Ii<^/ + ft (<#>i- <#> 2 ) = 0 
Ii<t>i — ft (<^i — <^2) = Til • 


(14) 


and introducing the shaft torque T == k <^i)» 
mechanical damping, we have: 


which we now write as: 

(-i-)r'+or+(^^)r 


(15) 


The values of T and T" are determmed from the con¬ 
ditions at the time (f = 0 ) of the short circuit. These 
are r = T' = 0 , for a short circuit from no load. 

The fundamental concepts are brought out by 
neglecting the electrical and mechanical decrements. 
For the case of resonance, which is sometimes im¬ 
portant, these deaements may not be neglected and 
play an important part. As indicative of the phenom¬ 
ena, consider the type case: 

T k 

T + 2 „r' + 6 "“ . sin (aoH (18) 

■12 


The solution of this equation with the arbitrary con¬ 
stants indicated follows directly from (17) and is 


T = 


(a - 17 )* + 4 (£Oc‘)* 


[e “* + e ’'Ian (OeH 


= Tie""* sin — T2e~^ sin 2a>< 

+ Ti [e"^' - 4/3 €-“* cos <of + 1/3 e"'*' cos 2 a>t] (16) 

from equation (12), calling: 

eft 

ft (Ii + 12 ) 

“ -Til* 

and to.'* = to.* - »?*i 

the complete expression for the mectumiedl torque in the 

sfta/i(is: 

_ ( I 1 + J 2 ) _ 

^ “ [(to.')* - to« + (a - i;)*P + [2 (a - v) to]* 

{[(to/)* - «* + («- ij)*] sin o)t + [2 (a - 17) a] cos tof) 


The interesting part to observe here is that a and 27 
enter the equations practically identically, i.e., the 
resultant action under an exponmitially decaying 
sinusoidal force is not unlike that of a pure anusoidal 
force with mechanical damping. 

Spring-M<»ivted Stators. For the case of the spring- 
mounted stator, a little examination shows that the 
above relations hold exactiy, where ft is the rotational 
spring constant of the spring system, Ii = « (the 
foundation) and I 2 = rotational inertia of stator. 

Experimental Determination of Short-Circuit Tortpie 
and Example. The special construction of the spring- 
mounted stator has made it particularly adaptable for 
the experimental determination of short-dreuit torques. 
Earlier ejqTerimentors®’"' have resorted to measurements 
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on the rotor proper and while they have been exact 
there are definite limitations not existent in the t 3 npe of 
test discussed here. The method suggests itsdf of 
measuring the frame foot reaction, using a pi^o-electric 
measuring device,® but the disadvantage here would be 
in making the assumption that the frame was inflexible. 

The tests discussed here were carried, out by Mr. E. A. 
Tulus,* who also designed the accelerometer used to 
check stator inertia torques. Spring torques were de¬ 
termined directly by recording the instantaneous de¬ 
flections of the spring groups by means of the direct 
reading Geiger vibrograph. For the purpose of test, a 
laige single-phase 60-cycle generator was employed, but 
tested at 25 cycles to bring out the importance of torque 
oscillations at the natural period. Now from equation 
(14). 

W + k<l> = Th 

or 


T inertia 


+ T 


apririff 


^elcG t r ioat 


SO that by measuring both T,„ (by the vibrograph) and 
Ti (by the accelerometer), the instantaneous values of 
T,t were checked. However, since th.e prime interest 
in our test was T„„ Fig. 1 shows the values as measured 
and as calculated from equation (17). The machine 
constants were: 


Xir=X/-0.1B 

eo = l 

I — Y.TxlO® in. lb sec® 

a;/=0.80 

2r«—ri“0.014 

k — 6.0x10“ in. lb per 
reidian 

Xu = 1.20 

r=0 

<*= 19.5 

7'do^=“6.5 sec 

ri«5.6 

^ == 14.0 

rrf«''=0.05 sec 

r*«2.8 

7 = 21.0 

ir„=0.08 sec 


7? = 5.0 


It is important to realize that the major contributing 
torque oscillations are those at the natural period of 
oscillation of the machine. The test shovm was for a 
angle-phase line-to-line short circuit, near the instant 
of zero voltage. The coincidence between test and 
calculation is striking. The expression for the spring 
torque, figures out to be: 

T = e-*® *" [— 2.21 sin cot + 1.03 cos cot] 

+ [0.23sin2(o(] -f [0.75] 

-I- e-® ' [3.45 Ue't - 1.78 cos (20) 

For a*/3a=7 = ij=>0, the expression is, 

T = [ — 2.55 sin -1- 0.86 cos at ~h 0.25 sin 2at 

-1- 0.60 H- 3.68 sin act - 0.96 cos aj] (21) 
The difference in the peak torque, in. the first cyde, is 
of the order of 20 per cent,—the simpler calculation 
being on the safe side. 

Short-Circuit Stresses in Stators. The qLuestion of me¬ 
chanical reactions in the stator revolves around the 
foundation bolt, frame foot, and frame section stresses. 
Due to the relative stator rigidity, the electrical torques 
are considered to act undiminished. This is no handicap 


to stator design, since even short-circuit torques result 
in low stresses. Considering the torque as uniformly 
distributed around the stator bore, and referring to 
Fig. 2, the distribution of forces as shown in c deter¬ 
mines essentially the stresses in the stator. We thus 
have a. statically indeterminate structure to solve, 
when the normal force and bending momentat point 0 
at the top of the stator are zero. Following ideas 
usually resorted to in such cases,® from conditions of 
symmetry the point 0 does not move during short cir- 

bu 

cuit. This fact is given by = 0, where u is the 

stored energy in the shained stator half. This condi¬ 
tion expanded is 

J Ml sin 4>d4> -t- f ikfa sin = 0 (22) 

0 %a 



Fig. 2—SHOKT-CiEOtar Stbebshs in Statobs 


where 

Ml = Sr son <l> + tr^ (<^ — sin (j>);0<<l><(l>a (23) 

Mi — Sr sin <r* (<^ — sin <^) 

— Fr (sin <f>a — djx<f>) — Fa; <l>a < <t> < tt (24) 
r = radius to the neutral axis 
E = modulus of elasticity 
r = moment of inertia of frame section 
Solution of (22) gives the expression for S which substi¬ 
tuted in (23) and (24) evaluates the bending moments: 

cosi#>a(2 y •+• sin <|>„) - (it - ^«) 
a/r -1- sin <#>a 

(25) 



*Wo8tinghou8e Elec. & Mfg. Co., Railway "Bitxes Dept. 


(26) 
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-— [ 4 ,-T+ (cos sin * ] (27) 

The difference between Afi and Ma at is the 

concentrated bending moment, Fa. The distribution is 
shown typically in Pig. 2d. The maximum value of Jlf 
usually is at ^ but not always. For the ease of 
a 43,500-kva, 1,800-rpm turbine generator the constants 
are: 

T = 2 X 10’ in.-lb a ~ 0 
r = 95 in. / = 3,420 in.* 

4>a = 120 deg. Z = = 1,000 in.® 

Thus the bending moment at <;(» = is ilf = O.IT, 
i.e., the maximum bending moment is about 10 per cent 
of the short-circuit torque for this case. Very often, 
however, it reaches 40 per cent of T. The corresponding 
stress is 

_ 0.1 X 2 X 10’ 

=-1000-“ 2,000 lb per in.’ 

which is very low. 

Other Transient Torques 

Running Out of Synchronism. The electiical torque 
(T.) produced under this condition can be approximated • 
as, 

Edi • Et . 

T, = sm s o)t (28) 

Xd + X 

where Edi is the voltage back of synchronous reactance 
for the machine considered, x is the reactance of the 
system to which it is connected and E^ is the voltage 
back of this reactance, and s is the per unit slip. 

The general method of calculating the effect of passing 
through resonance at a constant amplitude of applied 
force has been worked out by P. M. Lewis,® and experi¬ 
mental results given by J. G. Baker and E. A. Tulus.® 
The curves of Fig. 3 give resulting torque in number of 
times the applied torque for different rates of passing 
through. The applied torque (To) is in this case 
(IiT.)/iJi + h). These curves may be used providing 
the rate of passing through is not changing too rapidly. 
The average rate of change in speed may be calculated 
from the stored energy and the induction motor torque. 

Under certain conditions a machine actually may 
reach a stable condition and run at a definite slip, such a 
case is described in an article’ by A. A. Kroneberg. If 
this stable slip frequency should be close to the natural 
frequency, the resulting torque would reach serious 
magnitudes. 

Synchronizing Out of Phase. If a machine is running at 
synchronous speed with the voltage equal numerically 
to the line voltage (E,), but out of phase by an angle 
(d) at the instant of connecting to the line, the alter¬ 
nating dectrical torque for the first few cycles is equiva¬ 


lent to t hat of a sudde n short circuit at a voltage 
Co = V 2 — 2 cos (5). For a polyphase machine the 
transient is similar to a polyphase short circuit at this 
voltage. Space does not permit including this formula, 
but the alternating torque can be approximated by 
taking the fundamental feequency only in the single- 
phase torque expression. 

The suddenly created average torque (Tj) due to the 
power surge tending to pull the machines into step, can 
be approximated in the first few cycles by 

The mechanical torque in the shaft resulting from this 
component is: 

^ " («/ -f- *) ^ ( TT+lT ) ^ 



Fig. 3— Curves Showing Vibration Amplitudes on Going 
Through Resonance 

The peak value indicated by this formula will be re¬ 
duced by the electrical decrement about the same degree 
as for sudden short circuit. 
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R* Raudry s Since this paper was written, the writer has calcu¬ 
lated (in collaboration with the authors of the paper) the me¬ 
chanical torq[ues in the shafts of a tandem compound tarbip.e 
generator, where the rotating element is composed of 3 masses 
connected by 2 shafts. In this case, the problem becomes more 
complicated; the mechanical and electrical decrements can be 
neglected in order to simplify the solution. The mechanical 
torques thus calculated are slightly larger, and so the calculation 
is on the safe side. 



Short Circuit on a Tandem Compound Turbine Generator 
Unit 


In this case, there are 2 critical speeds, COi and CO2. Using the 
same notation as in the paper,* the 2 critical speeds are obtained 
from the following bi-quadratic equations: 



The applied electrical torque can be written in the following form: 
Tel * T* + Tan siu fUjOt + Ten COS nCUi 
The mechanical torques in the shaft are: 

Ti between the generator and the high pressure turbine. 

Tt between the high pressure and low pressure turbines. 
These torques are obtained from the two following equations: 

Following is given the mechanical torque Tx produced in the 
shaft by ITej- 


H" Ten 


El 

h 


(Wj* - Wi>) - Wi*) 


+ . * —-^ . 00 s Wit 

(W2* — Wi*) (nco^ — CO2®) 

4- ^—— -COS ncot 

^ (n^2 - COx*) (?i«C0a - Wa*) 

The curve in Pig, 1 gives the mechanical torque Ti produced 
in the shaft of a tandem compound turbine generator set. 

J. F. Calverts Considerable material has been published here¬ 
tofore on the large alternating torques of electromagnetic origin, 
which are present following short circuits. These are of im¬ 
portance in the stator. The discussion in this paper of the elec¬ 
trical loss torques probably is the first serious study of this 
problem which has been published. These loss torques are shown 
to be of at least equal importance with the alternating ones so 
far as the rotor couplings are concerned. The studies given to 
torques due to s 3 mchronizing out-of-phase, and to those due to 
puUing-out-of-step, also are new and equally valuable contribu¬ 
tions. 

The authors have allowed very little space to the derivation 
of formulas for electrical torques. It may be of some interest to 
add a short discussion of this feature wMch will give something 
of a physical picture of the problem. 

In an article on Forces in Turbine Generator Stator Windings 
(Transactions A.I.B.B., March, 1931, p. 178), the writer gave 
a physical interpretation of the calculation of electromagnetic 
forces from J* • ds, over some surface in air which encircles a 
conductor carrying current. The methods shown in Appendix 
D of that article are directly applicable to the problems of 
torques or tangential forces acting on solid parts adjacent to the 
air gap, and also to radial forces acting on these solid parts. 

If the stator bore were assumed to be a smooth iron surface 
carrying thin current sheets, it would be found that when torques 
were exerted on this member, the fiux would enter at an oblique 
angle. This surface may be considered as a series of very small 
angular saw-toothed pieces. One side of each tooth lies exactly 
along a flux line and consists only of a current sheet, which 
receives the ampere turn surfaces. There is a force exerted on 
this current sheet tending to force it out of the air gap. The other 
side of each saw tooth coincides with an ampere turn surface, and 
consists only of iron, which receives the flux lines. There is a 
force exerted on the latter surface tending to pull it into the air 


Ki 


T* 


4* I 2 + la 


CO 2 * 


C02» - COi* 


• eos coit 


0 0139 

gap. The magnitude of these forces is —— Bb» lb per 
square inch, where B is given in lines per square inch. 
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From Fig. 2, the tangential force per unit of actual stator 
surface area is 


Ft 


0.0139 

108 


(2 Rr® cos d sin 6) 


0.0139 

10 « 


(2Ri. Rb) 


Bt “ tangential component of Rr 
Rr - radial component of Rr 

Similarly, the outward radial or bursting force in pounds per 
square inch is 

0.0139 

— (Rr 2 sin 20 ~ Rj^z cos 20) 


0.0139 

10 « 


(Ri2 - R,2) 


This bursting force can be extremely large when taken over the 
total area of the stator bore. It appears during certain instants 


ACTUAL STATOR SURFACE 



after short circuit when the tangential densities exceed the radial 
densities over a large part of the air gap. It is a factor to be 
considered in low reactance split frame machines. 

Returning to the tangential component to derive an expression 
for torque 


T 






[Brd COS (s) +Rra sin (s)]j[Rid cos (s) +Btq sin (s)]ds 


T ^ A (BrdBtd + BraBta) 
when 

Brd ** maximum radial value of direct axis component 
Brq « maximum radial value of direct axis component 
Btd ^ maximum tangential value of direct axis component 
Bt^ « maximum tangential value of direct axis component 
A » total stator bore surface in square inches 


This can be used as a basis for calculating torques. The 
densities can then be put in any more convenient terms as 
desired, such as voltage, current, and reactance, etc. 

I. A. Terryi The authors have presented a very careful and 
interesting analysis of the transient torques in ssmchronous 
machines and have shown clearly the influence of the various 
factors, which enter the problem, upon the final result. The 
method of introducing resistance losses into the equations repre¬ 
sents a very satisfactory engineering method of handling a 
problem that is of great mathematical complexity. The value 
of Ts given in equations (3) indicates that it cannot be neglected 
entirely as has been done by previous authors. 

The practical application of the analysis concerns manufactur¬ 
ing companies as well as construction and operating companies. 
It is necessary to design rotating machinery so that the stresses 
set up during electric^ disturbances will not produce permanent 
deformation of parts. Furthermore, it is necessary to have the 
foundation design ample to withstand the forces to which it is 
subjected. Since the cost of the foundation is an item of con¬ 
siderable magnitude in any installation, it is not possible to make 
an economical design without a fairly accurate knowledge of the 
forces involved under all conditions of operation which may 
occur. 

The electrical torque produced under conditions of operating 
out of synchronism and the possibility of passing through a 
resonance point at some value of slip shows very clearly the 
advisability of providing protective devices to remove the ma¬ 
chine from the electrical supply before the slip approaches the 
critical value. 

L. A. ICiliore: Mr. J. F. Calvert’s discussion develops a 
formula for torque in terms of the fundamental components of 
the flux in the air gap. . Using per unit notation, Mr. Calvert’s 
final equation can be written: 

T = BrdBtd + BrqBtq 

This can be expressed in terms of the direct and quadrature axis 
components of armature current (id) and (tg), and the com¬ 
ponents of per unit excitation (Ide) and (Iqe): (using the reac¬ 
tances as defined and Xe == armature leakage reactance). 

Brd * Ide - id (Xd - Xi) 

Brq ^ Iqe i^ (^q Xi) 

Bid — 2g 
Btq =» — id 

Hence, 

jP ^ tQ I de ^d I qe ““ %d (Xd ~ X ^ 

which is the equation from which equation (5) of the paper was 
derived. Park (reference 6 in bibliography) derives this same 
equation from consideration of the instantaneous power output 
with no change in stored magnetic energy. 

Another interesting variation of this fundamental relation may 
be obtained in terms of the per unit voltage back of sub-transient 
reactance on the two axes (JSd^) and (R/): 

Brd Bid “h idXe ®7 Bd^ —" id (Xd'^ ^ Xi) 

Brq = Btq + i^Xe “ Bq^^ — ig (Xq’' — Xl) 

T = iq Bd^^ - id Eq^ - id iq (X/ - X/) 
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I T is well known that extreme high voltage stresses 
are developed in transformer windings when tran¬ 
sient voltages are applied to the transformer ter¬ 
minals. Thesestr^sescanbereducedbyintemaJmeans— 
electrostatic shielding as is done in non-resonating 
tran^ormers and was discussed in previous papers;^**-*-^ 
or by extCTnal means—changing tiie shape or the ampli¬ 
tude of the applied wave or both. The shape of the 
applied wave can be controlled by “wave modifiers,” 
while lightning arresters and gaps control primarily tbe 
amplitude of the applied wave. The effectiveness of 
these devices is discussed in the present papm*. 

Once a traveling wave of any shape is formed on a 
tiansmission line, its future behavior at all points of the 
system can be calculated with engineering accuracy. 
Since theoretical and experimental studies have proved 
the effectiven^ of ground wires in shielding of lines 
and stations from direct lightning strokes, only traveling 
waves are considered in this paper. 

Part I 

Effect op Terbhnal Wave Shape on Internal 
Stresses 

Stresses produced in windings of power and distribu¬ 
tion transformers by operating frequency voltage are 
directly proportional to the amplitude of the applied 
voltage and the turn ratio factors. Stresses produced by 
short time transients are indep^dent of the turn ratio, 
and depend on the amplitude and shape of the applied 
wave and whether it is a single impulse (lightning wave) 
or a train of waves (switching surge). Unless the trans¬ 
former winding has been made non-resonating by means 
of proper electrostatic shielding, it will undergo violent 
oscillations when a single wave of vertical front and of 
relatively long duration is applied. This oscillation is 
composed of some 11 space harmonics, each oscillating 
at its own frequency. 

The transient voltage between any 2 points in a trans¬ 
former is the algebraic siun of all the harmonic voltages. 
However, the 1st to 4th harmonics are chiefly respon¬ 
sible for the voltage to ground, the 4th to 7th harmonics 
for the voltage between adjacent coils and the 7th to 
11th harmonics for the voltage between adjacent turns. 
At the moment of impact of a sheer front wave, all har- 

*This is the fifth of a series of papers tinder the general title, 
The Ejffect of Transient Voltages on Power Transformer Design. 

fPower Trans. Engg Dept., General Eleotrio Co., Pittsfield, 
Mass. 

1. For references see bibliography. 

Presented at the summer eonverUion of the A.I.E.E., Chicago, 
ItUnois, June S8-S0,19SS. 
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monies are in phase at the line end of the winding, and 
elsewhere tiiey are either in phase or in phase opposi¬ 
tion. Hence, coil and turn stresses are highest at the 
line end. 

There is a definite relation between the front and 
length of an applied impulse wave, and the resulting 
amplitudes of these harmonics. The reaction of a given 
transformer to a given wave can be determined with 
engineering accuracy when the roMo of the duration of 
the front and the tail of a wave to the period T of the 
fundamental (slowest) harmonic is known. It is useful 
therefore to express a wave in terms of this period which 
is referred to as the natural period of the transformer. 
For instance a 1.5/40 microsecond wave would be ex¬ 
pressed as 0.0076/0.20 T if T = 200 microseconds 
(i.e., transformer natural frequency = 5,000 cycles) or 
as 0.03/0.80 T if T = 50 microseconds (natural fre¬ 
quency 20,000 cycles). 

Such a classification shows directly that one and the 
same wave produce essentially different stresses in 
transformers of widely different natural periods. 

Previous papers of this series have shown: 

(a) A wave with vertical front and tail and with a 
nearly flat top of length comparable with the natural 
period (O/l.O/O T) produces practically maximum 
stresses throughout the transformer. 

(b) A wave like (a) but with about half the length 
(0/0.50/0 2^ produces the same coil and turn insulation 
stresses as (a) but may result in considerably higher 
major insulation stresses near the neutral «id. 

(c) A wave like (a) but with much shorter length 
produces the same major insulation stresses at the line 
end as (a) or (b), but much lower stresses elsewhere, 
and in some cases much higher coil and turn stresses. 

(d) A wave with vertical front and with an ex¬ 
ponential tail comparable in length with the natural 
period (0/1.0 T wave) produces maximum stresses be¬ 
tween coils and turns and almost maximum stresses in 
the entire major insulation. 

(e) With increasing length of a sheer front wave, the 
internal voltages to ground increase, approaching a 
maximum as shown in Fig. 1, curve 1. 

All harmonies with natural periods shorter than the 
fiunt of the applied wave are practically eliminated. 
Sloping the wave front, therefore, reduces the voltage 
stresses between turns, coils, and in the major insula¬ 
tion. However, the stresses on the major insulation at 
the line end can not be reduced by a change in the shape 
of the wave of a given amplitude. The stresses produced 
in the major insulation by a sheer front wave can, 
except at the line end, be reduced by making the wave 
much shorter than half the natural period T. 
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The possible reduction of stresses by slanting of front 
and tail of a wave is given in the table below. Stresses 
produced by a wave with front and tail sufficiently 
slanted to produce uniform voltage distribution are 
compared with those produced by a wave with sheer 
front and long tail, both waves having the same 
amplitude. 



100 90 80 70 60 50 40 30 20 10 0 

line end per cent winding 


Fig. 1—CoMPAiiisoN op Maximum Voltages Produced by 
Waves op Different Length in a Transformer. (100% is 
THE Amplitude op Voltage Permitted by Standard Coordi¬ 
nation Gap) 

1, 2 transformer not protected 

3, 4 transformer prot(X5ted by wave modlfler 

5 transformer protected by thyrite Jightning arrestor 

6 Ideal non-resonating transformer 

A without protection 

B protected by standard thyrite lightning arrestor 

The wave modifier is designed to slope the front of a very long traveling 
wave to 1.2 r microseconds 


TABLE I 



Kolative stresses in 
grounded neutral 
transformer 

Bolative stresses in 
isolated neutral 
transformer 

At lino end 

Sheer front 
wave 

Long front 
wave 

Sheer 

wave 

Long front 
wave 

Turn insulation., 

.1. 

.0.01 to 0.003.. 

.... 1.! 

....0.01 to 0.003 

Ooil insulation... 

.1. 

.0.05 to 0.080.. 

_1.. 

....0.05 to 0.030 

Maloi* insulation. 

.1..... 

1 

_1.. 

.... 1 

At other points 

Turn insulation.. 

.1. 

.0.07 to 0.030.. 

-1.. 

....0.07 to 0.03 

Ooil insulation... 

.1. 

.0.30 to0.16 .. 

_1.. 

....0.30 to 0.16 

Major insulation. 


.0.80 to 0.20 .. 

_1.. 

....0.80 too.50 


To reduce turn, coil and major insulation stresses to 
values of the same order of magnitude as wotdd exist 
if the voltage distribution along the winding were 
essentially uniform, the minimum length h of the front 


of the terminal wave of a given amplitude must be 
approximately as follows: 

For the reduction of turn stresses 

«2 = 0.10 T to 0.20 r 

For the reduction of turn and coil stresses (Fig. 2) 

<2 = 0.40 T 

For the reduction of turn, coil and major insulaHon 
stress^ (Fig. 1) 

U = 1.20 T 

Effect of Amplitude 

The distributed constants of a transformer do not 
change appreciably with amplitude of the voltage, and 
therefore the staesses produced by a wave of a given 
shape are directly proportional to its amplitude. 

The time lag of air gaps or station insulation allows 
steep waves to reach higher maximum amplitudes than 
indicated by their 60-cycle arcover. This effect, com¬ 
bined with those mentioned above, causes short waves 
to produce much higher stresses than do long waves. 
However, the shorter waves may or may not cause 
greater stresses in the major insulation of the rest of 
the winding, since the effecte of an in<n'ease in maximum 


Pig. 2—^Reduc¬ 
tion OF Coil 
Stbbsbes Due to 
Lenothenino of 
THE FbONT of the 
Tbbminal Wave 



100 90 80 70 60 50 40 30 20 10 0 

per cent winding FROM GROUND 


possible amplitude permitted by time lag and shorter 
length of wave partially offset each other in this case. 
Hence, every transformer has its own critical wave 
length which produces the maximum stresses in major 
insulation, and this wave length depends upon the 
time lag characteristics of the voltage limiting devices 
and the natural period T of the transformer. 
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Part n 

Ebtectiveness op Peotbctive Devices 

Protective devices can be divided into 8 dasses, which 
have markedly diffo’ent effects on internal transformer 
stresses: (1) air gaps, (2) lightning arresters and (3) 
wave modifies. 

1. Air Gaps, (Rod Gaps, Arcing Rings, Sphere Gaps, etc.) 
These gajMs are simple in construction, definite in 
action, and of low cost, but they permit power current 



to follow the impulse sparkover. Their disadvantages 
are in giving a small margin of protection under that 
of high voltage bushings, if set at levels suggested as 
standard for coordination; in increasing the number of 
outages, if set for lower arcover values; and in chopping 
wave tails, thus creating higher coil and tom stresses. 

The rod gap is tiie most satisfactory of all air gaps for 
coordination, due to its simplicity, independence of 
dirt and wetting, and the similarity of its time lag 
characteristics with those of bushings and insulators. 
It should be looked upon as a last line of defease and 
used irrespective of protective devices. 

However, the high impulse ratio of the rod gap and 
ardng rings for steep waves makes them infeior to a 
sphere gap, which has unity impulse ratio. As the arc- 
over voltage of a wet sphere gap is only about 40 to 45 
per cent of the dry value, housing the gap is necessary 
for the best protection. Sevmil small sphere gaps in 
series may be used, in which case their total volume is 
invCTsdy proportional to tihe square of their number. 


2. Lightning Arresters, Fig. 3 shows 0.5/5 and 1.5/40 
mio'osecond waves appearing across transformer termi¬ 
nals with and without protection by a standard thyrite 
lightning arrester. The arrester does not change the 
steepness of front or the duration of the tail of the wave, 
but only reduces the amplitude and the rate of fall of 
voltage, hence reducing the transformer stresses ap¬ 
proximately in proportion to the amplitude. A properly 
installed thsuite arrester will limit the maximum voltage 
on a transformer to 3.5 times the rated system line to 
ground voltage (crest) for grounded systems, or 4.3 
times for isolated ss^stems. It will limit the transient 
voltage to these values irrespective of the tiiape or 
amplitude of the incident wave. The relative reduction 
in amplitude, therefore, depends on the maximum wave 
amplitude permitted by tihe transmission line insulation. 
Normal line insulation permits a 0.5/5 wave to reach 
9.5 times, a 1.5/40 wave 7 times, and much longer waves 
about 5.8 times tihe normal system line-to-groxmd 
voltage (crest). Thus the arrester would reduce the 
stresses due to these waves to 37, 50 and 60 per cent, 
respectivdy. 

A thyrite arrester gives much better protection than a 
rod gap, because its time lag is almost negligible, a much 
lower setting is possible without causing outages, and 
it avoids the sheer tail wave produced by the arcover 
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Fig. 4 —^Wavb Modipiee Oircttits 


of a rod gap, the rate of fall of the tail of the wave being 
even less than that of the incident wave. A rod gap 
due to its time lag will allow a 0.5/5 wave to reach an 
amplitude about 64 per cent higher than the arrester 
allows. Also, a rod gap set to arcover at the same 
voltage for 0.5/5 or 1.5/40 waves as the arrester would 
cause outages from many switching surges. 

S. Wave Modifiers (Fig. .4). As has been shown 
above, a very substantial reduction of internal stresses 
in transforms windings can theoretically be accom- 
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plished by a proper modification of the shape of the 
incoming traveling wave without changing its ampli¬ 
tude. 

Sometimes wave modifiers are called wave absorbers. 
This is a misapplication of the term because all avail¬ 
able protective devices absorb a negligible fraction of 
the energy of waves. 

There are 5 degrees of protection that a wave modifier 
can be called upon to accomplish: 



Fig. 6— ZC ob RC Nbobs- 
SABY TO Reduce Tubn, 
Coil, and Major Insula¬ 
tion Stresses Apdroxi- 

MATBLY TO SaMB VALUES AS 

Result From Uniform 
Distribution 

1. For reduction of turn Bta*esses. 
U « 0.2T 

2. For reduction of turn and coil 
stresses, » o.47 

3. For reduction of tom, coll, 
and major insulation stresses 
U » 1.27 


1. To slant the front of the wave to such an extent 
that the coordination gap will arc over at not less than 
1 or 2 microseconds, which reduces the possible maxi¬ 
mum amplitude and thereby reduces turn, coil, and 
major insulation stresses at the line end. 

2. To reduce the tumstresses throughout the winding. 

3. To reduce coil stresses throughout the winding. 

4. To reduce major insulation stresses throughout the 
winding. 

6. To reduce the amplitude of an incoming wave be¬ 
low the arcover value of a coordination gap or of line 
insulation at the station. 

A minimu m modification is required to accomplish 
the first, second and third degrees of protection. Maxi¬ 
mum modification is required to secure the fifth degree. 

From part I it follows that before a wave modifier 
can be designed it is necessary to know not only the 
rating but also the natural period T of the transformer, 
or at least its maximum limit. Of course, a wave modi¬ 
fier deagned for the longest natural paiod is perfectly 
satisfactory for transformers with shorter natursd 
period but it is unnecessarily expensive. 

Only the simplest of the very large number of possible 
wave modifying circuits are discussed here (Fig. 4). 


The first degree of protection requires a capacitance 
of about 0.008 microfarads for a transmission line of 
500 ohms surge impedance, assuming an impulse 
strength of transmission lines and rod gaps as originally 
published by Peek and in the recent paper on Co¬ 
ordination of InsuMion* by Messrs. Montsinger, Lloyd 
and Clem. 

Values of ZC to obtain the 2nd, 3rd and 4th d^ee of 
protection are given in Fig. 6, curves 1, 2 and 3, as 
functions of the natural period of the protected trans¬ 
former. 

To obtain the 6th d^ee a much larger value of 
capacitance may in general be required, except for very 
short waves (curve Ci, Fig. 6). (These <^culations were 
made on the basis that the amplitude E of the traveling 
wave is just bdow the value necessary to cause arcover 
of the average transmission line insulation.) If values of 
capacitance smaller than indicated by curve Ci, Fig. 6 
are used, the coordination gap or line insulation near 
the station may arc over. This produces a sheer tail 
wave, which sets up high local stresses throu^out the 
tran^ormer windings of the same order of magnitude 
as those produced by a sheer front wave of the same 



0 100 200 300 400 500 600 700 

LENGTH ti OF APPLIED WAVE (®A,) IN jlS 

Fig. 6—Capacitance Required to Reduce Amplitudes of 
Traveling Waves 

Cl to prevent arcover of line insulation 
C 2 sU waves reduced to 60 per cent of their crest 
Ci all waves reduced to 60 per cent of their crest 
ii time to reach crest when C 2 is used 

amplitude. Thus the advantages gained by slanting 
of the front are nullified. 

A shunt capacitor may mataially ampli%’ internal 
voltages by entering into oscillation with the line in the 
caseof the arcover of the latter. (Fig.l6,curvesland3.) 


Shunt Ca^a>dta,nee C Connected Between Line of Surge 
Impedance Z and Ground (Fig. iA) 

This combination slants the vertical front of a long 
wave proportional to ZC. 


Lightning Arrester and Shunt Capacitor 
It appears that this arrangement is the most satis¬ 
factory of all wave modifiers reviewed in this paper. 

*A.I.E.E. Trans., June 1933. 
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The front of the wave is slanted to the desired value by 
the capadtor and the surge impedance of the line. Its 
amplitude is limited to a predetermined value by the 
lightning arrester. The discharge of the capacitor 
through the arrester prevents a dieer tail wave from 
being impressed upon the transformer. 

The combination of the arrester and the capacitor 
forms a non-resonating circuit. Oscillatory waves 
caused by an arcover of the line at any distance from the 
station are so modified in shape and amplitude that the 
hazard from them is reduced ^g. 7). 



T-14 


Fm. 7 —^Eptbct ov Thtbith Liohtning Abbhstbr oit Tbans- 
sasBioN Line Oscillations Cavsbd by Line Abcoveb 

Insulation at T—11 arcing over 
Waves measured at T —14 


In these two important respects this arrangement is 
far more satisfactory than a shimt capacitor. 

Series Iriductance mth Shunt Capacitor (Fig. iB) 

A series inductance is an unsatisfactory means of 
protection for the following reasons: 

As has been shown in previous papers/-*-^ a series 
inductance coil and the electrostatic capacitance of a 
transformer form an oscillating circuit capable of sub¬ 
stantially increasing the voltage throughout the trans¬ 
former winding as well as at its terminals. The use of 
choke coils has been abandoned on this account. To 
eliminate this danger tiie natural frequency of this cir¬ 
cuit must be made of the order of 2,000 cycles or less. As 
the capacitance of an ordinary transformer is of the 
order of 0.0001 to 0.0004 microfarads the necessary 
inductance must be at least 16.6 hemys. This is pro¬ 
hibitive from the standpoint of the reactance it offers 
to opOTating frequency current. The permissible value 
ranges between 0.1000 and 0.0005 hemys for power 
transformers, depending on the transformer rating. 


If the inductance is limited to these values an external 
capacitor of at least 0.25 microfarads must be used, 
wMch is quite prohibitive except for low voltage circuits. 

Series Inductance Shunted with Resistance Cotribined with 
Capacitor Connected Between Transformer Terminal 
and Ground (Fig. W) 

The sheer tail waves that may be produced with a 
shimt capacitor can be eliminated by a series resistance 
R (Fig. 4c). To reduce the voltage drop across such a 
resistance at operating frequency, a suitable inductance 
L must be placed in shunt with the resistance. To make 
the circuit non-resonating, this inductance must be 
equal to at least 4JK*C. Neglecting the effect of the surge 
impedance of the line, such a circuit would slant the 
wave proi)ortionally to 4BC but inia^ase the terminal 
voltage about 18 per cent. It follows that the larger is 
the resistance R, the smaller is the required capacitance, 
but the larger must be the inductance, which, as is 
shown by the equation L — 4K*C, varies as the second 
power of the resistance. 

The choice of the degree of slanting of the front 
determines RC. The maximum value of inductance is 
limited by the permissible increase in the reactance to 
operating frequency current. Assuming that 10 per 
cent of the transformer short-circuit inductance is the 


B L C 
OHMS mF 
HENRY 



10,000 20^00 80 160 60 160 
RATING-KVA OPERATING LINE NATURAL PERIOD-US 

VOLTAGE—KV 


Fig. 8—Constants of Wave Modifier as Affected by 
Kva Rating, Operating Line Voltage and Natural Period 
OP Protected Transformer (Surge Impedance of Trans* 
mission Line is Neglected) 

RiCiLi required for reduction of major Insulation stresses (curve 4, Fig. 1 > 
required for reduction of coil insulation stresses (curve 3, Fig. 2) 

I—^Line voltage 1.38 kv, natural period lOO/xs 

II—^Bating 10,000 kva, natiural period 100 jus 

III—^Rating 10,000 kva, line voltage 138 kv 


limit for the protective inductance, its kilovoltampere 
rating would range from approximately 0.5 to 1.6 per 
cent of the transforms capacity of the station. This 
means that it may be quite large in size in case a large 
transformer installation is to be protected. Its range, 
measured in hemys, is frum 0.006 to 0.1000. 

Thus with RC and L determined as above, the value 
qf R and C can be found from the relation L = 4Jti(RC). 
Values of R and C necessary to protect transformers of 
different rating vary, of course, over a wide range. 
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Fig. 8 shows the relation between L, 1? and C of a modi¬ 
fier and the natural period, kilovoltampere and operat¬ 
ing voltage of transformers. 

In the above method of determination of L, R and C, 
the surge impedance of the line was completely neg¬ 
lected. This is believed to be a justified conservatism 
as the effective value of the surge impedance is often 
not known and also because in the case of transmission 
line oscillation its beneficial effect is not sufficient. 



In case it is desired to place dependence on the surge 
impedance Z of the line the procedure for determination 
of L, R, and C is modified. First the value of C is 
determined from the product of CZ which in itself is 
determined by the degree of protection desired: L, as 
before, is determined by consideration of the reactance 
it offers to power current. To make the modifier itself 
non-resonating, R is calculated from the equation 
L = ARKj. The calculation shows that if the surge 
impedance can be depended upon smaller values of C 
and L can be used without an appreciable change in R. 
(See Fig. 9.) Thus less expensive wave modifiers may 
serve the required purpose. 

Current limiting reactors in series with incoming 
lines may be made a part of a wave modifier. In such a 
case they must be shunted with the proper resistance 
and a suitable capacitor must be connected between 
transformer terminal and ground. 

Protective "Transformers” (Figs. W and iE) 

Instead of placing resistance in shunt with the in¬ 
ductance as was done the previous type of modifier, 
the inductance and the resistance can be replaced by a 
transformer with its secondary winding closed through 
a resistance. The tank of the inductance coil can be 
made to serve as such a closed-circuit secondary 
winding.^’“'“’‘* The equivalent circuit of such a 
"transformer” with the capacitor C is shown in Fig. 4b. 
Such an arranganent may be made to produce results 
similar to the previous type, but it is more difficult to 
make its action non-oscillatory due to the presence of 


Li and Li (Fig. 11, curves 1 and 4). In addition to the 
resistances and inductance the protective "transformer” 
has inherent capacitance Ci between the high voltage 
winding and the grounded tank. This capacitance is 
not shown in Fig. 4e. In oil-immersed unite it is of the 
same order of magnitude as that of a power transfomier 
(of the order of 0.0001 to 0.0004 microfarads) and there¬ 
fore impotent to render protection. 

Extenave teste were made on sudi a device designed 
for a 22-kv circuit. Due to the relatively low circuit 
voltage, this device had solid insulation. As stated by 
the manufacturer, dependence was placed entirely upon 
the inherent capacitance, eddy losses, and the in¬ 
ductance of the coil inclosed in a specially designed 
grounded metal casing. The casing was so designed as 
to give the maximum posable capacitance (measured 
value fotmd to be approximately 0.0084 mio'ofarads) 
between the winding and the casing and the maximu m 
eddy loss. Figs. 11 to 15 indusive give some of the 
residte of this study which confirm the theoretical 
condusions. 

Analysis indicates that it would be quite out of tixe 
question to obtain any material benefit from such a 
"transformer” if the additional capadtor C were not 
used, because inherent constants of the protective 
"transformer” (indicated by (A), Figs. 11 to 15 indu¬ 
sive) attainable in practise are such that it forms an 
oscillatory circuit with the transformer to which it is 
connected. Such a device would have the undetirable 
features of an inductance coil, i.e., the stress^ at the 

Fio. 10 —^Maxi¬ 
mum Tbbminai. ui 

VOLTAGBS 0N0| 

Tbansfobmbbsz * 

THAT ABB PbO- 8 S 
TBCTBD BY A Ca- g U 
PACITOK SbIJBCTBD “• J 

(Feom Fig. 6) to S i- 
Rbducb • I 

UJ H 

1 .4 turn stresses g 

2 .5 turn and coil >j 

stresses P S 

3 .6 turn, coil and ^ ui 
major insula- 5 § 
tdon stresses S b 

1 , 2 ,3 natural period ^ 
of transformer ^ 2 
is 20 /us ^ 

2 ,4 ,6 natural period 0 100 200 300 400 

of transformer LENGTH t| OF TRAVELING WAVE 

is200A£S (o/tj) IN JUlS 

line end (Fig. 11, curve 4; Fig. 14b) and throughout the 
transformer (curves 4 of Figs. 12 and 13; Fig. 14b) 
may appredably be increased when a unidirectional or, 
an osdllatory surge is applied. 

Arcover of the line or of the bushing of the device 
may cause stresses (especially between turns and coils) 
at least of the same order as if the device were not 
present (curves 5, Fig. 13). In the case of line arcover 
at a distance from the station, the line is set into oscil¬ 
lation and the internal stresses may be amplified ap- 
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preciably by such a ""transformer"" as shown by com¬ 
parison of curves 1 and 2 of Fig, 15. Unless the waves 
are extremely short, the internal voltages to ground 
would not be reduced by such a modifier (curves 1 and 
3, Fig. 12), but may be increased in case the line surge 
impedance is insufficient (curves 4 of Figs. 12 and 14). 

On account of these phenomena it would be quite 
impossible and often misleading to judge the overall 
protective value of such a device by its reduction of 
coil or turn stresses at the line end of a transformer. 
The combination of the lim surge impedance^ the in¬ 
ductance of the protective ""transformer,"" its ground 
capacitance C* and ground capacitance Ct of the trans¬ 
former may form a non-oscillatory circuit for a single 



Pig. 11—^VoLTAGBS E2 at the Transfobmbb Terminal 
Frodxtobd by Applied Voltage ( Ei ). The Amplitude and 
Shape of Ei abb Identical in the Three Cases 

Rating of transformer—60 cy<des—^333 kva—86,300 volts 
Natural period of transformer approxlmat^y 120 jus 
Ourves shown are traced from oscillograms 
Numbers on curves correspond to connection diagrams 
Z * resistance of 360 ohms representing the surge impedance of a trans¬ 
mission line 

A - protective “transformer** 

T «transformer under test 

Same notations are used in Figs. 12,13 and 16 

iinidirectiioiial impulse. The sheer front of an incoming 
trayeling wave will be slanted then at the transformer 
terminal to approximately U - BZ (Ci + COlO® micro¬ 
seconds compared to = BZCt 10® microseconds when 
the protective “transformer” is not used. Thus if 
Ci = Ct = 0.0008 microfarads and Z = 500 ohms, 
ti — 0.45 microseconds wittiout the device or 0.90 
microseconds with the device. The effect upon the 
transformer of this small increase in slanting of the 
wave front is n^gible. This, however, is the only 
posfflble beneficial effect that could be expected from 
such a protective transformer, as it can not reduce the 
amplitude of a flat top wave longer than 0.90 niicro- 


seconds. If Ct is increased even ten-fold by the substi 
tution of oil with solid insulation then the front will be 
slanted only to some 5 microseconds. Such a front 
reduces appreciably stresses between turns and coils 
near the line end of transformers with short natural 
period, and very little in transformers with long natural 
period: (curves 1 and 3 of Fig. 131 and II). 



PER CENT WINDING PER CENT WINDING 

FROM GROUND FROM GROUND 

Fio. 12 —^Bnthlopbs of MAXiutric Voltaqb to Gbound 
THBOVGHO xrF Tbansfobmbbb Ratbd 

I—60 cy<des, 333 kva—36,300 volts—^2,300 volts. Natural period ap¬ 
proximately 120 jus 

11—60 cycles, 8,000 kva—36,300 volts—12,100 volts. Natural period 
approximatdy 29 jus 
Uuidirectional impulse applied 
Numbers on curves correspond to coxmection diagram 



Fig. 13—^Maximum Voltage Across Coils of Transformers 

Rated 

I—60 cycdes—^333 kva—36,300 volts—^2,300 volts. Natural period ap¬ 
proximately 120 /xs 

II—60 cycles—8,000 kva—36,300 volts—12,100 volts. Natural period 
approximately 29 fxa 

Oapacitor C 0.0034 fit equal to inherent impulse capacitance 

Ci of protective transformer A. TJnidlrectional impulse applied. Num¬ 
bers on curves correspond to connection diagrams 

Analysis shows that better protection, although still 
too small to be of practical importance, is secured where 
such a device is replaced by a capacitor (connected 
between line and ground), the capacitance of which is 
made equal to the inherent grotmd capacitance Ci of 
the device. Test results substantiate this conclusion 
(cmrv^ 1 and 2 of Figs. 12, II and 13, II). 
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Part III 

Design Considerations 

As has been shown, the analytical solution of the 
above wave modifiers for any transformer of known 
transient voltage characteristics can be determined 
without much difficulty. It is more difficult, and in 
most cases impossible, to make a practical design of a 
modifier that can compare, from an economical stand- 



Pio. 14—Voi.TAOBB Mbahuhbd from Various Points of thb 
Tranhformkr Winding to Ground 

(Loft) TraDHformor dlroctly connected to Impulse generator 

(UlRht) Protective transformer connected between transformer and 
ImpulHo gonorn-tor 

Traniiformor ntiuiral groundiKl. Eating of transformer—00 cycles—8,000 
leva—30,000 y volts—12,100 volts. Natural period approximately 29 
mlcrosiKioncls 

Numbers on osclllogwuns give Ulstanco of point from neutral In per cent 
of the total hmg th of the winding. 100 per cent Is transformer lino terminal. 
Abscissa gives time In microseconds. Note the ampliOcatlon of one of the 
transformer harmonics by the protective transformer 


point, with the internal means of obtaining the necessary 
security from transient voltage hazards. As a modifier 
is an auxiliary equipment, its safety factor must be 
made greater than that of the protected apparatus. 

RemUmee. This part of the device presents no practi¬ 
cal difficulty in most cases. 

Capacitance. The range in capacitance required for 
transformers above 3,000 kva and 66 kv is as follows: 

For the protection of coil insulation from 1.4 to 0.001 
microfarads. 

For the protection of major insulation from 12 to 
0.008 microfarads. 

The most economical capacitor available at present is 
of the pyranol filled, hermetically sealed type used for 
power factor correction. Fig. 16 was prepared to g^ve 
an idea of the physical size of such a capacitor. This 
figure gives the volume only of the active material of a 
capacitor. The overall volume perhaps would be twice 
as large. 


The volume of a capacitor with insulation such as is 
used in transformers and oil immersed reactors would be 
about 150 times greater than that of the pyranol 
capacitors. This means, for example, that the volume 
of actual insulation (between plates) of the smallest 
capacitor that could be used for the protection of the 
major insulation of a 230-kv transformer is 1,260,000 
cu in. (108 by 108 by 108 inches) which is equal to the 
volume of a 230-kv transformer of about 5,000 kva 
capacity. 

These figures are perhaps the best answo- to the ques¬ 
tion of whether it is possible to secure the necessary 
capacitance in a modifier by means of the inherent 
capacitance 0,- of an inductance coil to its tank and 
ground shield (a metal cylinder placed inside the coil 
and connected to the tank). Calculations show that the 
maximum capacitance of a practical size oil-immersed 
coil to its tank and ground shield is of about the same 
order of magnitude as that of an ordinary transformer 
winding to ground (0.0001 to 0.0004 microfarads). 
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PER CENT WINDING FROM GROUND END 


Fro. 16 —Amplification of Strbssbb in Transfoembbs by 
Improperly Dbsionbd Modifibrs in Casb of Oboillations 
CA tTBBD BY ArCOVBB OF THB TRANSMISSION LiNB 


Transformer rated 60 cycles—8,000 kva—^36,300 Y volts—12,100 volts. 
Natural period approximately 20 microseconds 
ITnldiroctlonal impulse applied over transmission lino (T.Xj.) of 2 miles In 
length. Sphere gap located 600 ft from transformer and sot to arc after 
the wave is rodoctocl from the transformer terminal. Note the substantial 
increase In voltage due to the presence of the protective transformer (curve 
2) and the capacitor (curve 3) 

Numbers on curves correspond to connection diagrams 


Indttctance Coil. The design of the inductance coil 
for a wave modifier must, of course, comply with the 
established practise for high voltage windings used in 
power circuits. This means that the coil should be able 
to withstand forces and heating under short circuit, and 
transient voltage stresses limited only by the arcover 
of the coordination gap or of the bushing of the modifier. 
Its losses due to the flow of the normal load current 
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must be only a small fraction of the transformer “load 
loss,” 

Consequently, the inductance coil can be looked upon 
as a part of the line end of the transformer winding 
placed outside of the transformer proper, and therefore 
it presents to a designer essentially the same group of 
problems as does a transformer winding. Prom an 
engineering standpoint, therrfore, it is rather question¬ 
able whethffl* the overall safety factor of the inductance 
coil of a wave modifier, together with the transformer, 
can be made greater than that of the transformer alone. 
Thus such a modifier in the best case, shifts merely the 
transient voltage stresses from the transformer 
winding to the modifier winding. 


XIO+3 



Variotjs Line Voltage 

Scale for Toltime applies to .capacitors when used in systems with 
grounded neutral. When capacitors are used in systems with isolated neu¬ 
tral, multiply values by 1.61 

Conclusions 

... 1. The internal stresses in ordinary transformer wind¬ 
ings are very severe because of the high amplitude of 
•h^tning voltages on transmission lines and of the 
^^rqmely non-tmiform. distribution of this voltage 
tbkiughout the winding. 

2. Practically these stresses, except tibose from wind¬ 
ing to ground at the line end, can be reduced to a far 
heater extent by making the voltage distribution 
throughout the winding uniform, than by reduction of 
the amplitude of the applied voltage. This , is particu¬ 
larly so for turn and coil stresses, (See Table I.) How¬ 
ever, the reduction in the amplitude of transient volt¬ 
ages below those found on tr ansmissi on lines is very 
important and desirable for all transformers. It is 
imperative for most transformers, built before the 
principle of coordination was generally accepted. 


3. Gaps. Coordination rod gaps establish an impulse 
voltage level as a basis for design and testing, T>ans- 
former strength must be above that level while maxi¬ 
mum voltage permitted by a protective device must be 
below it. Such a gap when installed near transformers 
reduces the maximum voltage some 10 or even 20 per 
cent below that permitted by an average station 
insulation. 

Although a rod gap has serious limitations as a pro¬ 
tective device, it should be looked upon as the last line 
of defense for transformers and station, and used 
irrespective of the presence of protective means. 

4. Ldghtning Arresters. To secure an added safety 
factor of protection over that given by a standard 
setting of the coordination gap, and at the same time 
eliminate outages at the station, the standard lightning 
arrester is the best solution for the following reasons; 

(a) It reduces stresses to from 30 to 75 per cent of 
those permitted by the standard coordination gaps, 
depending upon wave shape and whether the system is 
groxmded or isolated. The steeper and shorter the 
wave, the greater the relative reduction by the arrester 
as its impulse ratio is practically unity. 

(jb) It prevents outages at the station. 

(c) The choice of its constants and tranrient voltage 
characteristics is independent of the natural period of 
the transformers. 

(d) The amplidty of its function permits the neces¬ 
sary sturdiness of construction and assures positiveness 
of action. 

(e) A rod gap set to give the same protection against 
0.6/6 or 1.5/40 waves, as given by the thyrite arrester 
for grounded systems, would cause outages from many 
sMutching surges. 

(/) It carries no operating frequency current. This 
is advantageous for two reasons: (1) The design is not 
compUcated by the consideration of short-circuit 
stresses, normsd and short-circuit heating, losses, re¬ 
actance, etc., that are present in the design of series 
protective devices. (2) It does not add loss or reactance 
to the system. 

6. Voltage DistribvMmCorttrol. 

(а) Essentially uniforin voltage stresses within trans¬ 
former windings theoretically speaking, can be secured 
either by external devices modifying the applied wave 
so that its front and tail are sufficiently slanted, or by 
proper electrostatic shielding of the windings, which 
eliminates the cause of non-uniform voltage distribution. 

(б) External Means. The wave modifiers may consist 
of resistance, capacitance and inductance (Fig. 4c) or 
of capacitance in shunt with a lightning arrester. 

The constants of the “modifier” must be such that 
voltage at the transformer terminal is non-oscillatory 
when an impulse is applied directly to the modifier 
without intervening transmission lines. 

: To obtain the desired reduction in stresses, the length 
of the front wave produced at the transformer terminal 
by a sheer front wave applied to the modifier, must bear 
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a definite relation to the length of the natural praiod of 
the transformer. 

In a properly de.signed modifier (Fig. 4d) the neces¬ 
sary values of constants are such that they can not be 
secured inherently in a specially designed oil immersed 
reactance coil without making it of utterly impractical 
dimensions. 

Tests and analytical studies show that the capaci¬ 
tance to ground Ci of such a modifier (in combination 
with the .surge impedance of the transmission line) is 
its only beneficial feature. The effect of its high fre¬ 
quency resistance is not sufficient to prevent resonance 
between the modifier and the transformer. For these 
reasons better and more positive results are obtained 
with a plain capacitor of the same capacitance C,-, 
connected between the line and ground. With constants 
that can be secured in such a coil in practise, the device 
is either useless or harmful. (Curves 1, 4 and 5, Figs. 
12 and 13.) 

In a modifier of the type shown by Fig. 4c, the in¬ 
ductance coil presents the same design problems as 
doc.s a transformer winding, and the capacitor becomes 
quite large in sixe, even in the case of the most effective 
use of its insulation, as is accomplished in pyranol 
capacitors. (Fig. 16.) 

EJven an improperly designed modifier may appreci¬ 
ably reduce stresses between turns and coils at the line 
end of the winding under certain favorable conditions, 
due to the effect of the surge impedance of the trans¬ 
mission line. However, at the same time it may 
materially increjuse turn, coil, and major insulation 
stresses in other parts of the winding as has been shown. 
On this account the reduction of stresses obtained at 
the line end can not serve as the criterion of the overall 
protective value of such a modifier. 

The most practicable solution, in the case of an ordi¬ 
nary transformer where it is desired to use a wave modi¬ 
fier, is offered by a capacitor in shunt with a lightning 
arrester, because this type of modifier not only slants 
the wave but also materially reduces its amplitude. 
The size of the capacitor depends on the degree of 
protection desired. 

(c) Internal Means. A radical reduction of turn and 
coil stresses at the line end of a winding can be obtained 
much more economically by means of a small electro¬ 
static shield, internal to the transformer, than by any 
external device. 

Electrostatic capacitance of a non-resonating trans¬ 
former is many times that of an ordinary transformer 
and is of the order of 0.001 to 0.004 microfarads. The 
combined effect of the surge impedance of the line and 
of this capacitance slants a sheer wave front to 1.5 and 
6.0 microseconds, respectively. It therefore reduces 
the crest voltage of exceedingly short waves, particu¬ 
larly where several transformer banks are installed. 

A wave modifier that does not radically reduce the 
amplitude of an incoming surge, but produces essen¬ 
tially unifonm voltage distribution throughout a trans¬ 


former winding, is impracticable in comparison with 
non-resonating transformers for the following reasons: 
It requires for each phase two bushings, a capacitor, 
reactor, resistor, tank and oil. It also requires a special 
mechanical support or foundation, and extra space in 
the station; while in a non-resonating transformer the 
uniform distribution is obtained by a ample electro¬ 
static shield internal to the transformer. 

In an ordinary transformer protected evra with a 
proper wave modifier the voltage distribution depends 
on the amplitude, length and shape of the incoming 
surge and whether it is unidirectional or osdUatory. 
The voltage distribution in a non-resonating transformer 
is independent of these factors. 

Where it is desired to employ an external protective 
device for the protection of either an ordinary or a 
non-resonating transformer, a properly designed light¬ 
ning arrester is superior to the best wave modifier. 

Minimum intenal voltage stresses are secured where 
a transformer, designed to give uniform voltage distri¬ 
bution, for waves of all shapes, is protected with a 
properly designed arrester. Such an installation is the 
most practical and reliable. 

The authors gratefully acknowledge the value of the 
criticism given by their colleagues, Messrs. P. L. Alger, 
A. N. Garin and W. A. McMorris during the preparation, 
of the paper. 
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Discussion 

K* B. McEachron: Although the authors discuss the use of 
various protective schemes as related to power transformers, 
this discussion presents some data concerning the operation of 
some of the devices mentioned when applied to distribution 
transformers. 

One phase of the subject which should be generally appreciated, 
but apparently is not, is given in the following. It is commonly 
supposed that the only method that does not involve structural 
changes in the transformer itself is to decrease the steepness of 
the wave front, by the use of some sort of wave modifier. A 
little consideration will show that reduction of amplitude may 
accomplish the same purpose. To illustrate, if the amplitude is 
reduced to zero, obviously the turn stresses will be zero, similarly 
the rate of rise also will be zero. 

To illustrate this feature of arrester protection consider some 
tests made recently in Pittsfield in which the protective trans¬ 
former of the type described by Messrs. Palueff and Hagenguth 
was employed. Two of these devices designed for internal 
mounting in a distribution transformer rated 10 kva, 2,300/4,000 
Y volts 60 cycles were tested. 

With a line of 500 ohms surge impedance and a 25-kv traveling 
wave of sheer front the potential measured across 5 per cent of the 
winding from the line end was twice as high with the wave 
modifier as it was with a standard intershunt thyrite arrester. 
The potential with the modifier was found to be the same as 
when a 0.001-)Uf capacitor was connected between the trans¬ 
former terminal and ground. 

With 1,200 ft of distribution circuit connected between the 
impulse generator and the test, and a 60-kv traveling wave with 
sheer front, the potential across 5 per cent of the transformer 
windiog on the line end was 26 kv with the wave modifier, 17 kv 
with a 0.002-/if capacitor, 8.2 kv with the thyrite intershunt 
arrester and 16 kv with a pellet arrester plus a 60K)hm ground 
resistance. 

In general where the ratio between the impulse strength of 
the line insulation and the arrester potential is as great as in 
the ease of distribution voltage apparatus the arrester not only 
reduces the stress in the major insulation to ground but also 
will reduce the stress between turns and sections, compared to 
that which would have been present without the arrester or 
with the use of the modifier tested. 

V. M* Montslndert The writer emphasizes one point men¬ 
tioned but not discussed to any great extent in the paper, that 
is the question of protection of the wave modifiers against light¬ 
ning; also, the question of the proper insulation level for a pro¬ 
tective device of this kind. 

Some of the sketches giveii in Fig. 4 show inductive elements 
or windings similar to transformer windings. It is obvious that 
such a winding haviug turns insulated similar to a transformer 
presents a problem in protecting these turns against lightning 
quite similar to the problem of protecting transformer windings. 
It was shown in a recent paper^ that the margin of safety in a 
transformer winding decreases as the impulse wave becomes 
steeper when the impulse voltage is limited by either line insular 
tion or by a rod gap. The same thing is true for the winding in a 
wave modifier. The claim may be made that these modifiers slope 
the wave front and thereby protect themselves. This is not possi¬ 
ble because only the wave leaving the modifier is affected by its 

, 1. Coordination of Insulation, by V. M. Montsinger. W. L. Lloyd, Jr. and 
J. B. Olem, A.I.B.B. Thaks., June 1938, p. 417, 


capapitance. Therefore, the problem of protecting against all 
lightning waves is quite similar. Unless these modifiers have a 
substantial higher level of insulation than the transformer being 
protected case of where the protecting device requires the 
same degree of protection as the apparatus it is protecting. 

It has been common practice to insulate and test protective 
devices for a higher insulation level than the apparatus being 
protected. It is logical therefore that these wave modifiers 
should be given a higher impulse test than a transformer of the 
same voltage rating. 

E. T. Norriss The greater part of the paper is devoted to the 
condemnation of “wave modifiers”—a term which may be pre¬ 
sumed from the technical references and from the description of 
actual tests in the body of the paper, to mean in particular the 
Ferranti surge absorber. The authors object to the term “ab¬ 
sorber” on the ground that it does not absorb energy. Without 
debating the technical accuracy of this statement, it must be 
pointed out that the word “absorb” has no essential connection 
with energy. 

The surge absorber is a device connected in the line so that a 
surge or traveling wave must pass through it before reaching 
station apparatus. In the process the device absorbs the venom 
and deadliness of the surge as regards damage to station appara¬ 
tus, and therefore, is appropriately tenned “surge absorber.” 



Fig. 1—^Eppbct of Numbbe of Sueqbs on Insulatoe 
Flashovbe and Solid Insulation Bebakdown 

It is not claimed that surge absorbers greatly mduce the ampli¬ 
tude of a surge under all conditions. Much stress has been laid 
on the control and reduction of the amplitude of a suige in th e 
effort to obtain adequate protection of apparatus and to prevent 
interruptions to the supply. This assumption that decrease 
in the amplitude of a surge is necessary to secure protection is 
not supported by operating experience, and does not bear exami¬ 
nation by analysis oif techmcal characteristics. 

Operating experience the world over shows that damage due 
to the breakdo'v^ of the main insulation of transformers is 
extremely rare. This can only be explained on the basis that the 
surge dielectric strength is such that it will ^thstand a large 
number of the most severe surges permitted by standard line 
insulators. 

While the stresses between live parts of electrical apparatus 
and ground are definitely limited by the amplitude of the surge, 
which in turn is limited to safe values by the line insulation, the 
voltage gradients or stresses between turns of parts of the windings 
of inductive apparatus may reach thousands of times normal 
values.^ Since breakdown of solid insulation, such as interturn 
i^ulation, depends upon the number of surges, as shown in Fig. 
1, it would be expected that in service the rate of complete failure 
of transformers due to lightning would be greater for the older 
tra^ormers. Tins has been confirmed often by operating ex¬ 
perience. The rate of .burnouts reproduced in Fig. 2 from the 
A.LE.E. Teansactions, Volume 51, page 266, illustrates this 
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fatality rate. The death rate of any apparatus subject to wear 
and tear varies with age in a similar manner. 

It is well known that a choke coil of very large inductance 
coimected in series with the line may materially flatten the wave 
front of an incoming surge. It also is established that a con¬ 
denser connected between the line and ground may give excellent 
protection. The serious objection to both of these items is that 
they are likely to enter into combination with capacity or in¬ 
ductance in the adjacent circuit, such as a transformer bushing, 
or a short length of line, and form a local oscillatory circuit. If 
the incoming surge happens to be of the same equivalent fre¬ 
quency as this oscillatory circvdt, excess voltages will be produced, 
which will make the effect of the protective inductance or ca¬ 
pacity worse than if it had been omitted altogether. The surge 
absorber may be looked upon as includmg the advantages of a 
large inductance and capacity. The disadvantages are obviated 
by making the combination aperiodic through the inclusion of a 
large loss or resistance component. This loss component con¬ 
sists of the secondary winding or dissipator of the absorber which 
is the seat of eddy current and resistance losses. Analysis of a 
wide range of oscillograph studies has failed to show any evidence 
of resonance under any conditions encountered under normal 
operation. 



Fig. 2—Relation op Age op Tbanspoumbus and Burn-Out 
Due to Lightning 

The percentage absorption of the absorber is consistently high 
for surges of ah magnitudes and wave forms, whereas the per¬ 
centage absorption of a choke coil varies periodicahy from posi¬ 
tive to negative values showing that the choke coil may even do 
more harm than good, depending upon the type and magnitude 
of the surge and the oscillation characteristics just described. 

The wide variation in the natural causes of surges makes it 
difficult to determine the reduction in stress due to protective 
apparatus in any particular case, with the result that positive 
evidence as to the effectiveness of any device is extremely difficult 
to obtain and requires many years of operating service. A single 
report of a particular instahation that no trouble has been 
experienced since surge absorbers were installed, is unipiportant 
evidence, but the large number of such reports that have already 
been received from all parts of the world and under all kinds of 
operating conditions, become very positive and definite evidence 
indeed. 

Any protective device or lightning arrester which after years 
of operation still has to depend upon calculations and experimen¬ 
tal data for evidence of its effectiveness, should be regarded with 
suspicion. The proofs given by operating experience of the satis¬ 
factory operation of absorbers, are that in each case before the 
absorbers were installed considerable trouble from lightning surges 
was experienced, whereas after the installation the troubles 
ceased. In many such oases surge absorbers have replaced dLs-. 


charge type arresters. The only instances on record of a surge 
absorber apparently failing to protect, have been causes of mis¬ 
application. No instance has been recorded of failure of surge 
absorbers to give complete protection within their sphere of 
action. 

A further indication of the satisfactory operation of absorbers 
has been the large proportion of repeat orders. In many cases a 
supply company will place its first order as a trial installation, 
and wait for a year or so of operating experience before deciding 
whether or not to install more absorbers. A recent analysis of 
aU surge absorber users with operating exjwrience of one year or 
more (that is, one lightning season) shows that 67 per cent 
already have placed repeat orders. Many of these users were, 
however, private concerns or manufacturers taking electricity 
from a supply company, and therefore having no occasion to 
place repeat orders. Restriction of the analyses to power supply 
systems and distribution companies who probably are all in a 
position to extend absorber installations, shows that in 78 per 
cent of these cases repeat orders for absorbers have been placed. 

These figures are a practical proof of the satisfactory operation 
of surge absorbers, and contrast strongly operating experi¬ 
ence with lightning arresters as shown by the following extract 
from Electrical Engineering for June, 1933, page 394. Seventeen 
operating companies representing approximately 34 per cent 
based upon output of the electric power industry in the United 
States, reported on their experience with lightning arresters. Of 
these 17 companies, “10 express considerable dissatisfaction with 
present day arresters, 9 state that the arresters have insufficient 
protective ability to reduce over-voltages below insulation levels, 
as indicated by equipment failures.” The paper is confined to the 
effect of protective devices on transformer stresses. 

Operating experience has shown clearly that the surge absorber 
is very effective in preventing the blowing of high tension fuses 
due to lightning surges. 

Claims for the operation and effectiveness of the surge absorber 
have hitherto be^ confined to the protection of transformers and 
• other inductive apparatus from breakdowns between turns and 
coils due to the steep wave front characteristics of a lightning 
surge. Shortly after the first absorbers were put into operation, 
operating reports were received indicating greatly improved line 
operation since the installation of the absorbers. These reports 
were at first put down to coincidence^ but they continued to 
arrive in increasing numbers, and are now sufficient to rule out 
coincidence or chance, and to indicate that the absorber has 
important effects in this connection. It is now established that 
surge absorber installations greatly reduce the number of line 
flashovers and line interruptions, and improve the operating 
stability of the line. 

These characteristics of the surge absorber in greatly reducing 
interruptions to the continuity of supply due to line flashovers, 
and to the blowing of primary fuses in conjunction with its 
proved protective action preventing damage to inductive ap¬ 
paratus, show that it is providing a safe and effective solution 
to the surge protection problem. Moreover, in giving thdip 
protection and reliable operation it does not attempt to discharge 
the surge to ground with consequent power arcs and disturbance 
to the supply system. 

D. W* Roper: Messrs. Palueff and Hagenguth state: “Where 
it is desired to employ an external protective device for the pro¬ 
tection of either an ordinary or a non-resonating transformer, a 
properly designed lightning arrester is superior to the best wave 
modifier,” All of the transformers on the distribution system of 
the Commonwealth Edison Company are of the ordinary type 
and the number of fuses blown during lightning storms averages 
about 2.5 times the number of transformers burned out. The 
blowing of the fuses principally is due to arcing across porcelain 
bushings or across air spaces within the transformer. This 
arcing is due to the maximmn transient voltage and not to the 
shape of the wave. When the results obtained with different 
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types of arresters are comparedi it is found that the smallest 
percentage of fuses blown corresponds to those types of arresters 
that limit the maximum transient voltage to the lowest value. 

In the year 1932 the interconnection between the transformer 
secondary neutral wire and the lightning arrester ground wire, as 
recommended by Messrs. Harding and Sprague,^ was applied to 
about 5,700 transformers. This interconnection resulted in a 
reduction of the maximum transient voltage without altering the 
shape of the transient, and this has resulted in a reduction of 65 
per cent in the percentage of the transformer troubles due to 
lightning. 

The 5,700 distribution transformers with the interconnection 
between lightning arrester ground and the transformer secondary 
neutral have now been in service for one year. During that 
time the failures on these transformers have been as follows: 


Burning of primary leads. 3 

Failure of Insulation between primary and secondary . 4 

Failure between turns on primary winding. 1 

Total. 8 


If the surge absorber is a better device than the lightning arrester, 
then it must afford some additional protection beyond that pro¬ 
vided by the lightning arrester. If it does not reduce the maxi¬ 
mum voltage of the lightning transient, it would not eliminate 
the 3 failures due to the burning of the primary leads nor the 4 
failures due to breakdown of the insldation between primary and 
secondary windings. The only fadure that would have been 
eliminated according to the claipis of the makers of the device 
would be the one transformer which broke down between turns 
in the primary winding. Would it be economical to install 5,700 
6urge absorbers, which cost more than twice as much as the 
hghtning arrester, when the most that we could hope for would be 
to save one transformer failure? 

It should be noted that the transformer fadure record since 
the 5,700 interconnections were installed has been about 1/7 of 
i per cent, and further, that the age of the transformers that 
faded ranged from 9 years to 30 years, with an average of 19 
years. This appears to indicate that with the modem types of 
transformers which are built to withstand a transient voltage 
test, the present scheme of lightning protection used in Chicago 
would be practically perfect. 

The surge absorber has been criticized because the makers 
adopted a name which, after test, has been found to be a mis¬ 
nomer. But is the name any more of a misnomer than the term 
“lightning arrester?** One device does not absorb the surge, and 
the other device does not arrest the lightnii^. As the A.I.B.E. 
is now ip the mi^t of a campafen to adopt a list of standard 
terms and definitions, why should it not consider adopting a 
name for the lightning' arrester that is not a misnomer? The 
German term “blitzableiter,** which means lightning diverter, 
appears to be far more appropriate. The approval by the 
AJ.E.B. of the continued use of the term “lightning arrester,** 
which is a misnomer, leaves the field open to the makers of oth^ 
devices to use a misleading trade name for the device, that is, a 
name that is quite foreign to its properties, and then sell the 
device to the unsuspecting on the basis of the name. 

C* S. Spragues The authors bring out the point that the flash- 
over of a rod gap may introduce stresses fully as serious as those 
caused by the wave itself. The writer agrees with the authors, 
in tlmt the rod gap, or possibly a specially designed bushing or 
gap ia the case of small transformers, should be used as a last 
line of defense in conjunction with suitable arresters. 

The reduction of internal stresses by the use of wave modifiers, 
or internal shielding, usually is expressed relative to the stresses 
produced by a steep front wave. It should be remembered that 
in practice the large majority of waves which reach the trans- 


o/Prfjnari^ Lightning Arrester Ground and the Grounded 
Neutral of the Secondary Main, Trans., March 1932, p. 234. 


former wiU have suffered attenuation, and the actual reduction 
in turn stresses due to the protective equipment may not be as 
large as anticipated. 

J. M. Thomsons The writer is particularly impressed with the 
authors* statements in recognition of the reduction in transformer 
turn and coil stresses, resulting from the sloping of the wave 
front by means of some form of wave modifier—^particularly 
their statement that “a very substantial reduction of internal 
stresses in transformer windings can theoretically be accom¬ 
plished by proper modification of the incoming traveling wave, 
without changing its amplitude.** The possibilities of stress 
reduction by this means are very clearly defined in their tabula¬ 
tion, comparing the relative stresses in grounded neutral and in 
isolated neutral transformers. 

Our own investigations and experience have indicated that 
the turn stresses that normally cause the vast majority of trans¬ 
former failures from lightning and switching surges, can be re¬ 
duced to safe limits by a wave modifier, without excessive cost, 
except possibly for the higher voltages. The writer*s company 
has placed in service 3,000 or more wave modifiers, many, of 
which have been installed to replace other forms of protective 
equipment that had failed to give protection: yet although there 
have been one or two isolated instances of failure in the absorbers 
themselves, we have yet to hear of a failure from liglitning in any 
transformer winding protected by this device. 

The authors in their paper make particular reference to a 
device of this sort. They have included a number of curves 
based on their test of this device under normal and special 
conditions. 

Curve No, 1 in Fig. 11, showing the effect of a wave absorber 
imder normal conditions in series with the impedance of the line, 
gives not only an all-important modification of the wave front, 
but a slight reduction of amplitude, without any evidence of 
resonance. This curve may be accepted as the fundamental 
corrective ouarve of this form of wave modifier. Curve No. 4 
in the same figure represents a laboratory condition in which 
the transformer under test is disassociated from the normal surge 
impedance of the line. Oscillatory waves of this description will 
not be encountered under practma^l operating conditions. 

The authors comment that the term “wave absorber** is a 
misnomer, due to the relatively small energy absorption in any 
device of tins sort. This criticism of the absorber nomenclature 
is perhaps justified, but the small absorption that does occur as 
eddy loss in the dissipator plates, serves undoubtedly to minimize 
any tendency toward resonant conditipns. 

In order that the authors’ suggestion with respect to resonance 
may not car^ too much weight in opposition to our own investi¬ 
gations, I might add that the oscillograms taken in independent 
stuches in Germany and in the United States, have confirmed our 
findings that the wave absorber does not introduce resonance 
under any normal condition of operation. 

The authors make specific reference to the limitation of dis¬ 
tributed capacitance obtainahle in the normal construction of 
the special inductive wave modifiers. The values of capacitance 
which we actually obtain approximately are 10 times as high as 
the figure that ^s used in the paper. Where still higher capacitance 
values are required for amplitude reduction, as in the case of 
generator protection, it is quite possible that economic factors 
would make it advisable to supplement the maximum obtainable 
distributed capacity by adding lumped capacitance. 

The authors stress the size and space factor of wave modifiers 
sufficient to afford protection to the transformer. Our standard 
design practice calls for sizes even larger than those indicated, 
and this fact in itself explains why a wave modifier, to give com¬ 
plete transformer protection, cannot under present conditions 
compete on a price basis with any of the various forms of dis¬ 
charge arrester, except in the lower voltages. Consequently the 
use of wave modifiers will be justified only in those cases where 
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the extra cost of assured protection is warranted by the operating^- 
conditions. 

F, J. Voxels The subject of lightning protection of trans¬ 
formers is, at last, largely a question of a knowledge of the surge 
strengths and electiical performance of the various parts of the 
circuit, and also of the economics of the situation. 

There is no question that transformers as built and surge 
tested today have a well defined insulation strength against 
surges and that this can be demonstrated as above the present 
recommended coordinating gaps for aU except direct strokes or 
very high surges of very short duration. This limitation of the 
coordinating gap can be avoided by the use of ground wire pro¬ 
tection if carefully applied, but such application may not always 



Fig. 3—^Rbphbbentativb Initial Voltage Distribution op 
Single Group Shbll Type Transpormer 

be considered economical. The use of other forms of coordinatipg 
gaps is possible but gaps alone have the serious disadvantage of 
power flow and a service outage. 

On the other hand, the modem arrester results not only in a 
much lower protective level, but prevents service outages. 
Even yet some protection against direct strokes will be required 
if all outages must be avoided. 

Besides these two methods of protection, another means, slop¬ 
ing the front of the suige has been advocated. If the front of 
any surge be sufficiently long, a nearly uniform voltage distribu¬ 
tion will be obtained within the transformer winding. The idea 
back of this is that transformer failures are the result of high 
turn-to-turn or ooil-to-coil stresses exclusively. The question to 
be answered is whether such sipping can be obtained and utilized 
economically, and, even so, if there are not other disadvantages 
which render it impractical to do so. 

The writer discusses several eases with a view of illustratmg 
some limitations of such devices. One case is that of the shell 
type of transformer. The initial distribution of voltage for such 
a transformer with a single high voltage group is shown by Fig. 3. 
With 10 coils in the high voltage winding, 40 per cent of the 
surge voltage will occur between the first two coils. With such 
designs, the most that could possibly be gained, by sloping the 
wave front, would be to reduce the stress to about 60 per cent of 
that with the steep front wave, much less than stated possible 
by some engineers. 

If it is assumed that 40 per cent of the surge appears between 
the first 2 coils, we can estimate the actual voltages between these 
coils with the coordinating gap or the arrester. The maximum 
full positive lH-40 wave for the 34.6-kv class, if the coordinating 
gap alone were used, is approximately 176 kv, and 70 kv might 
appear across the first duct. A modern design of arrester would 
lower the terminal voltage to about 126 kv which would result 
in 60 kv across the first duct. If we assume the use of a surge 


absorber, it would have to slope a fuU wave, enough to reduce the 
voltage across the first duct from 70 to 60 kv to be equivalent in 
protection value with the arrester. To obtain this protection, a 
sloping of the wave front of from 8 to 12 microseconds by the 
surge absorber would be required. It still would retain the dis¬ 
advantages of permitting outages with all waves higher than the 
maximum fuU wave value at the coordinating gap. 

The next case to be considered is the core type transformer, 
which has an initial voltage distribution as shown in Fig. 4. 
Tests upon a similar transformer, 34.5 kv, 25 kva, with 12 
pancake coils, each of 400 to 800 turns, showed results as shown 
in Table 1. 


TABLE I 

Surge 

front 

"Wave 

tail 

Max. 

voltage 

Voltage from across 

line to ground 1st duct 

Max. 
voltage 
across 
2 nd duct 

Max. 
voltage 
across 
3rd duct 


(Microseconds) 

H.45./.100%.77%.60%.43% 

3 . 32.100%.71%.60%.42% 

11 .50.56%.55%_ 


Translating this data from percentages of tenninal voltage 
across the first duct into actual voltages across the first duct, we 
would obtain 77 per cent of 175 kv, or 136 kv using the coordi¬ 
nating gap alone, 96 kv with an arrester, and 98 kv ^ we used an 
absorber sloping the wave front 11 microseconds, about the same 
degree of sloping as required by the shell type design. 

From the data available, the maximum sloping to be expected 
from surge absorbers avaflable probably is from 2 to 4 micro¬ 
seconds. It is apparent, therefore, that such surge absorbers 
cannot furnish protection to the transformer coil-to-coil insular 
tion as compared to the modem arrester. 



Fig. 4—Representative Initial Voltage Distribution op 
Core Type Transformer op Small Size 

Further, such absorbers cannot reduce the magnitude of long 
waves. For the cases just described, the lightning arrester will 
reduce the surge to approximately 126 kv against the 175 kv 
permitted by the coordinating gap. 

To sum up the relative merits of the various protective means, 
the following comments may be made: 

1. In the case of the surge proof transformer, sloping the front 
is unnecessary as the major, coil-to-coil and tum-to-tum insular 
tions are all coordinated to the coordinating gap level on the 
basis of steep-front, long-tail surges. Lightning arresters provide 
a desirable increase in the factor of safety and freedom from 
outage. 
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2. In the ease of older transformers, it can be seen that wind¬ 
ing protection to a far higher degree than seems economical with 
surge absorbers is obtained with modem lightning arresters 
properly applied. The further advantage of freedom from outage 
is obtained with the arrester. Further experience shows that any 
transformers in service need protection of the major insulation, 
such as the insulation from the leads to the tank, etc., as much or 
more than protection of the windings. In this case, it is futile 
merely to slope off the front of the surge a few microseconds. 

3. It should not be overlooked that a surge absorber, with 
inductance and capacity built in, is in fact another piece of equip¬ 
ment snnilar to the transformer, and with exactly similar prob¬ 
lems. It requires bushings, windings, insulation and case. It 
bears a close resemblance to the line coils and insulation of the 
ordinary transformer, and it seems unnecessary to solve this 
question in both places without compensating advantages. 

Philip Spornt Satisfactory lightning protection of trans¬ 
formers requires three principles to be kept in mind: First, the 
transformer must physically be protected so that failure within 
the transformer does not occur, as such failure is expensive to 
repair and may involve a prolonged outage to service. Second, 
this protection must be supplied without permitting even a 
momentary outage to service, that is, without circuit interrup¬ 
tion. Thnd, and this is altogether too frequently forgotten, 
protection must be obtained on an economical basis. Lightning 
protection obviously is another form of insurance, either insur- 
^ce of service or insurance of equipment, or both, and there is a 
limit to the amount that can be spent on any form of insurance. 

The coordinating gap would appear to offer a fairly satisfactory 
solution, coming within the above specifications on transformers 
of new design, and particularly on shielded transformers. On 
transformers of the older design, it appears that the coordinating 
gap would have to be set so low that while protection would be 
offered to the transformer, the resulting service outages might 
become so great that the entire scheme ceases to be practical. 

The authors point out that one of the best methods of trans¬ 
former protection is to use a lightning arrester, and have sug¬ 
gested that the wave modifier also be employed with the light¬ 
ning arrester. Since a wave modifier reduces the coil and turn 
stresses inside a transformer, it is reasonable to suppose that 
added protection is supplied by the use of the wave modifier in 
addition to a lightning arrester. However, it may prove more 
economical to design the transformer to withstand these turn 
and coil stresses and merely use the lightning arrester, rather than 
go to the use of an additional wave modifier which of necessify 
must be relatively expensive, since regardless of its large size and 
internal makeup, it will employ one or more expensive bushings of 
a rating equal to or in excess of the transformer itself. 

The authors’ statement that a rod gap (coordinating gap) 
should be looked upon as a last line of defense for transformers 
and stations and used irrespective of the presence of protective 
means, is in line with a doubt heretofore expressed by the‘Writer 
and by many others as to the ability of the lightning arrester 
properly to perform its function tmder all conditions. It has 
been recognized in the past that a lightning arrester if it could 
only function according to its theoretical indications would be 
a most effective protective device. However, operating experi¬ 
ence very seldom has backed up these theoretical indications; in 
fact, as has been previously pointed out by the writer, in many 
places transformers have failed although protected by lightning 
arresters installed in the most approved manner. Further, as 
again has previously been shown, only one actual field record, 
and that of 2,620 amperes associated with 700 kv close to the 
arrester, has ever been obtained, to the writer’s knowledge, 
definitely indicating high ampere discharge by a lightning ar¬ 
rester during a time of excessive voltage rise at the lightning 
arrester apparatus terminal, this in spite of the fact that from 
ev^ theoretical consideration such a condition must exist when 
a lightning arrester functions and performs properly. 


It is possible that some of the difficulties experienced hereto¬ 
fore with lightning arresters have been due to operating engineers 
following altogether too closely the practice recommended by the 
lightning arrester engineers. The latter, as would naturally be 
expected, have always had a tendency to lean in the direction of 
a cell or unit arrangement that would give protection to the 
arrester under all conditions, but it is obvious that an arrester 
that is not exposed to lightning punishment, so to speak, may 
have a very difficult job of justifying its existence, and that if one 
has to choose between having an arrester that would be in itself 
safe under all conditions although doing very little protective 
work, and an arrester installation that would do a very effective 
protective job but in that process would expose and subject itself 
to the possibilities of even failure—then, between these two, 
there is no other choice except to expose the arrester and take the 
consequences. 

In an effort to improve the grade of protection furnished to the 
equipment by lightning arresters on the various systems with 
which the writer is connected, there have been changed during 
the past few years a very large number of 132-kv arresters so as 
to limit lightning voltage to the lowest possible value consistent 
with reasonable safety. In doing this we appreciated that we 
were increasing the duty on the arrester and of course the possi¬ 
bility of its failing in service, but we have definitely made up 
our mind that the best way of determining the limit of the 
arrester is to try it out in practice imder conditions that will 
allow it to provide maximum protection to the apparatus which 
it was designed to protect and less protection to itself, until wo 
find a point where arrester failure is a problem in itself. In other 
words, we have definitely taken the arrester out of the decorative 
class and have put it to work. 

The practical limits of the application of the wave modifier 
have been thoroughly discussed by the authors; it must be evi¬ 
dent from their analysis that wave modifiers alone in their 
present form offer only partial protection to transformers against 
lightnii^ entering the station, oven if their size and cost can be 
kept within practical limits. Another serious drawback to the 
wave modifier according to the authors is the change in design 
required j for protection to different types of transformers and 
lines. It is not clear, however, how much of a drawback this 
would be and whether it would be necessary to change these wave 
modifiers in a given station as additional equipment may be 
added to or removed from the station. The lightning arrester 
on the other hand does not have this limitation. 

The general conclusion that one must draw from the authors’ 
paper is that an ideal protective system would consist of a co¬ 
ordinating gap, lightning arrester, and wave modifier; but the 
weakness of this conclusion is that it prescribes too much and 
that in general this complete prescription cannot be afforded 
What is needed is a universal protective device, easily applied 
and cheap enough to justify itself even where the economic con¬ 
ditions are rather thin. The use of the elaborate system proposed 
by the authors can very rarely be justified in practice. 

K. K. PaluefiEf Messrs. Norris and Thomson limited their 
contributions to the discussion of the wave modifier which their 
company manufacturers. We shall therefore attempt to evaluate 
the ^tion of their device in the light of general data on wave 
modifiers presented in our paper and the data published by 
Messrs. Norris and Thomson. 

In our ffiscussion of the action of the absorber we also should 
bear in mind that Mr. J. M. Thomson agrees that his absorber 
(for a 22-1^ system) would act as shown in Pig. 11 of the paper. 
By necessity it follows that a device that behaves as shown in 
Fig. 11 also will behave as shown in Figs. 12,13,14 and 15, since 
they all are records of test on one and the same device. The data 
of these figures therefore are used as a part of our arguments. 

Term **Surge AhsorherJ* Messrs. Norris and Thomson now 
agree witk us that the term “absorber” used for their device is 
not justified from the standpoint of energy absorption. The 
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term “surge absorber’* when referred to by these discussers covers 
their protective device irrespective of its rated voltage. Prom 
studying various technical papers presented by Messrs. Thomson 
and Norris and our own experimental work with this type of 
device, we found that from the electrical standpoint the low 
voltage surge absorbers differ radically from the high voltage 
absorbers. For example, tests show that the effect of a 2,300- 
volt absorber is essentially that of an inductance. This is proved 
by the fact that whether the case of the absorber is grounded or 
isolated, the modification of the incoming surge by the absorber 
is practically the same. In a 22-kv absorber, on the other hand, 
both the inductance and the capacitance to ground are important. 
The proof is that disconnecting the case of the absorber from 
ground radically changes the modification of the incoming surge 
by the absorber. 

Thus while the value of ground resistance of the ground con¬ 
nection of the low voltage absorber has no effect upon its be¬ 
havior, the value of the ground resistance for the high voltage 
absorber has a very important effect, causing an abrupt voltage 
rise at transformer terminal. This voltage rise is proportional to 


^0 


where is ground resistance and Z is the surge im¬ 


pedance of the line. Mr. E. T. Norris on the other hand in some 
of his recent papers stated that high ground resistance up to 
1,000 ohms has no effect on absorber operation. (“Install Fer¬ 
ranti Surge Absorber and Smile ”—Bulletin 701 by Ferranti 
Electric Ltd.) 

The discussion here is limited to high voltage absorbers only, 
since the discussions by Messrs. Roper and McEachron treat 
the low voltage absorber. 

Can Absorber Resonate? Mr. B. T. Norris in his present dis¬ 
cussion emphasizes the importance of the internal absorber losses 
on its functioning, he states “the disadvantages (possibility of 
resonance) are obviated by making the combination (of in¬ 
ductance and capacitance of an absorber) aperiodic through the 
inclusion of a large loss or resistance component.*’ Mr. Thom¬ 
son also expresses the same opinion in his paper on the subject 
{World Powerf May 1932, page 326) where he states “the absorber 
is essentially a pi section filter with a high resistance element to 
eliminate the possibility of the inductance of the coil and the 
capacitance of the transformer resonating and causing doubling 
of the voltage at the terminal of the transformer.” 

Neither of the discussers mentions the important “damp¬ 
ing” effect of the surge impedance of the connected line which 
acts in the case of a single impulse as a resistance equal to the 
surge impedance of a line and connected in series with the 
absorber. 

It is our conviction, supported by theoretical and experimental 
evidence, that an absorber’s internal losses are too small to make 
it aperiodic. Consequently, where an absorber appears in test 
to be aperiodic it is not due to its internal loss but due to the 
effect of the external circuit, like for example, that of the surge 
impedance of connected transmission line. Comparison of the 
test curves Nos. 1 and 4 of Fig. 11 of our paper, as well as that of 
calculated curves of Fig. 5 of this discussion demonstrate this. 

The calculations of Fig. 6 were made with formulas of our own 
derivation which numerically agree with those published by Mr. 
Thomson in the above mentioned paper. The constants used for 
the calculatipn are taken from the test results on a 22-kv ab¬ 
sorber, made by Mr, Krug of Germany and by other experi¬ 
menters. It was found that the absorber constant varied with 
the value of electrostatic capacitance of the transformer con¬ 
nected. Curve 5 shows that if dependence could be placed on 
the surge impedance of the line, then much better results would 
be secured with a plain capacitor having the same electrostatic 
capacitance as the absorber, and omitting entirely the inductive 
element which, as curve 2 shows, is a detrimental feature of an 
absorber. 


In case the resistance of the absorber is 100 ohms, which is 
the maximum assumed by Mr. J. M. Thomson in his paper, then 
the crest value of curve 2 will rise to 149 per cent rather than 
170 per cent as in the case of 50 ohms, but the general relation of 
the curves will not essentially be modified. 

Comparison of test curves 1 and 2 of Fig. 15 of the paper 
demonstrates the fact that connection of the absorber in the cir¬ 
cuit may appreciably increase the internal stresses in a trans¬ 
former due to resonance of the absorber circuit with the trans¬ 
mission line, in case the latter is arced over at some distance from 
the station. Mr. Thomson’s statement “. . . absorber does not 
introduce resonance under any normal condition of operation,” 
therefore, is not correct, since arcover of the line insulation during 
lightning storms must be considered as one of the most “normal” 
conditions, meaning by the word “normal”—common. 

An arcover of the line insulation near the terminal of the ab¬ 
sorber and arcover of a transformer bushing are two more cases 
of normal operating conditions where the absorber can not 



Fig. 6—Bpfbct op Sukgb Impedance op Transmission Line 
AND OP Internal Modipier Losses on Modifier Oscillations 

Oxirve 1—^Applied voltage E 

Oiirves 2 , 3, 4 and S—Besultant voltages at trails, terminal (calculated) 
Curves 2 ,3, and 4—Obtained with trans. protected by absorber 
Curve 5 —Obtained with trans. protected by shunt capacitor of 0.0034 
microfarads 

ABSOBBBB CONSTANTS USED FOB OALOUIiATION 

Resistance Capacitance Inductance Z 

Curve 2 .60 ohms.......3400xl0~“lJ’. lOOxlO-^h . 0 

Curves. 0 .3400xl0"^*F.100xl0“®h.400 ohms 

Curve 4. 60 .3400xlQ"^F.100xl0“®/i.400 ohms 

depend on damping effect of surge impedance of the line, since 
after the arcover takes place the line obviously can not have any 
effect on the phenomena within transformer windings. Yet under 
these conditions extremely high internal stresses are created in 
transformers. . Oscillograms of Fig. 6 of this discussion are 
extremely illuminating in this respect. Curve 3 of Fig. 13 of 
the paper shows that a steep wave produced, in transformer of 
short natural period, a voltage some 14 times the ideal. That is, 
42 per cent of the voltage applied to the transformer was con¬ 
centrated across 3 per cent of the winding near the line end. By 
connecting a “protective transformer” between line and power 
transformer, the voltage produced by the same wave was re¬ 
duced to 5.7 times the ideal. This might have been taken as 
evidence of the effectiveness of the protective transformer. Yet 
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when the luxe insulation near the protective transformer was per¬ 
mitted to are over, the voltage across the same part of the winding 
first rose to 5.7 times normal as before, due to the front of the 
applied wave, and then feU below zero line to 14 times normal, 
due to the abrupt tail of the applied wave. This confirms our 
view that a,reover of the bne at the absorber terminal can produce 
just as high stresses with as without a protective device of ab¬ 
sorber characteristics, and that such a device is incapable of 
reducing the stresses under such conditions. 

Sin^ Messrs, Norris and Thomson agree with us that the 
absorber does not reduce the amplitude of a surge, it follows that 
sho^d the surge be high enough to arc over the transformer 
bushing where no absorber is instaUed, it would also arc it over 
m the case the absorber is installed. This would permit the most 
abrupt fall in voltage from the maximum amplitude that can 
possibly be applied to the transformer and therefore would create 
exceedingly high stresses due to resulting internal osciUations of 
the transformer. The presence of the absorber frequently will 
accentuate these oscillations as shown in our paper. 

Since Messrs. Thomson and Norris agree that the absorber 
can have no material effect on a relatively long wave they, by 



Fia. 6 —Increase in Stresses Prodxtcbd by Arcovbr at Line 
Terminal op the ‘‘Protective Transpormbr*’ 

Top—Voltage across 3 per cent of winding near line end (97—94 pw cent 
away from ground end) produced by steep traveling wave (6.7 times ideal) 
Bottom—Voltage between same points produced by wave of the same 
shape and amplitude but allowed to arc over gap G. (14 timma ideal) 

necessity, must agree that it is incapable of reducing stresses in 
major insulation since the stresses are produced principally by 
long waves. 

Thus we are obliged to conclude that, as far as the trans¬ 
former is concerned, if all common or “normal” operating con¬ 
ditions are taken into consideration an absorber is quite impotent 
in reducing dangerous stresses in turn, coil or major insulation. 

Mr. Thomson speaks of some tests made in this country and 
in Germany, results of which he believes prove that the absorber 
does not oscillate. It is difficult to comment on this statement 
as he fails to give any definite reference to the condition of test, 
the numerical results obtained, and the name of the authors of 
the tests. 

The only results of tests made in Germany that have been' 
published and brought to our attention are those made by Krug 
of Dresden in Doctor Binder's Laboratory (E.T.Z., June 1932). 
Probably it is this test that Mr. Thomson has in mind as one of 
Krug's oscillograms has been widely published by Mr, Norris 
and bis associates on several occasions. 

It is significant that this oscillogram was not obtained with a 
transformer being “protected” by the absorber but was secured 


with the absorber connected between two parts of a transmission 
line. 

Mr. Krug has this to say about the 22-kv absorber he tested: 
“The damping resistance of the absorber is relatively small, 
therefore the damping has to be effected by the surge impedance 
of the coxmected overhead lines. Over voltage can he expected 
at the end of long cables (underground), provided the cable 
does not produce any flattening of the front itself. Tests do not 
seem to show any great influence of permeability of the iron 
tank and of the skin effect of the conductors.” 

By over voltage Mr. Krug means that the absorber may cause 
increase in the voltage applied to the apparatus in case the surge 
impedance of external circuit is low, like in a cable. Ability to 
cause such increase is the fundamental characteristic of a 
resonating circuit. It will be observed therefore that Krug’s 
findings confirm our views on the resonating characteristic of 
absorber and that it is not the internal loss but the damping 
effect of the surge impedance that under some condition may 
make circuit aperiodic in spite of the presence of absorber. Thus, 
the writer does not see how Mr. Thomson finds confirmation in 
his views in the above tests. 

Effect of Absorber on Number of Line Arcovers, Mr. Norris 
states that the absorber reduces the number of flashovers and 
blowing of fuses. This is quite surprising since he agrees that 
the absorber does not reduce the amplitude of a surge even at 
its own terminals. If, for the sake of discussion and neglecting 
evidence to the contrary, we should assume, that, it causes some 
essential modification in the wave, then still its effects would 
be limited to the section of the line in the immediate neighbor¬ 
hood of the device. It is general knowledge that relief or dis¬ 
charge or in fact a direct ground on a circuit conductor can not 
be depended upon to prevent line fiashover even one span away. 
Since the law of probability suggests that most of the lightning 
flashovers take place over the major part of the transmission 
line, no appreciable reduction of the total number of flashovers 
can possibly take place. As the blowing of fuses is due to ab¬ 
normally high amplitude of the surge, which is not affected by the 
absorber, followed by power current it also is not clear how the 
number of blown fuses can be reduced. 

Repeat Orders and Service Experience. It is difficult to attach 
^y engineering significance to Mr. Norris’ statement “no 
instance has been recorded of failures of smge absorbers to give 
complete protection within their sphere of action,” as long as 
he does not define the “sphere of action.” 

Mr. Norris is encouraged by the fact that his company has 
received many repeat orders for absorbers. As encouraging as 
it may be to his company, it fails to serve as evidence of the 
effectiveness of the device. For example, in the past, when a 
choke coil “was in flower” the manufacturers of choke coils 
could, with similar satisfaction, point to the large number of 
repeat orders. Yet, now, the manufacturers of such coils, as 
well as Mr. Norris, agree with us that these coils offer no pro¬ 
tection and can be even harmful. From what we know of the' 
absorber we are inclined to believe that the two cases are quite 
comparable. 

As the number, frequency, amplitude, and shape of transient 
voltages depend on a great many factors and eharaoteristios of 
oircuits whioli generally are not fcno-wm, it is very dangerous to 
base the design characteristics of protective devices on indiscrimi¬ 
nate reports received from the field. Many examples can be 
cited to illustrate hovsr inisleading some of these reports can be. 

Sige of Absorbers. Our conviction is that the physical size of 
a wave modifier of the absorber type in most cases becomes 
impractioally large where its electrical constants are mtuia of 
proper magnitude. 

Mr. Thomson tells xis that the sizes of his absorbers are even 
larger than we indicate in the paper. Apparently, he misunder¬ 
stood our i^ta. In F^. 7 of this discussion, the volume of proper • 
wave modifiers (of the absorber type) are compared with those 
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of his standard absorbers and with typical large power trans¬ 
formers of stated rating. 

It must be observed that the volume of the proper wave 
modifier increases materially with increase of the natural period 
of free oscillation of the transformer to be protected. The size 
of the absorber, on the other hand, does not, and still it is much 
smaller than the smallest of the proper wave modifiers. Com¬ 
parison is made on the assumption that in the absorber, the wave 
modifier, and the transformer the same kind of insulating ma- 
terM is used. It can be seen that, in most of the cases, the proper 
wave modifier is absurdly large. This appears to us as one more 
evidence that the surge absorber can not be effective, being so 
much smaller than the wave modifiers. 



A—Power transformers of different ratings 

B—Corresponding proper wave modifier of “protective modifier** type 
designed for transformer natural period T of 20 and 200 microseconds 
O—^Wave modifiers of the same type available on the market 


cent per annum. After the interconnection was completed this 
rate fell to 0.14 per cent per annum. In other words the effective¬ 
ness of the arrester protection was increased 2.85 times by the 
virtue of improved installation. 

It is unfortunate that not many operating engineers exercise 
as much care and determination as does Mr. Roper in the analysis 
of the experience of their systems. Much benefit could be derived 
from their experience, if as in Mr. Roper’s case, they present 
definite facts rather than general impressions and independent 
interpretations. 

Typical Lightning Waves. Mr. Norris states that most of the 
failures of his transformers take place between turns. Since it 
is known that the maximum stresses between turns are produced 
by very short steep waves he concludes that only these kind of 
waves are important and typical to transmission lines. 

Mr. F. J. Vogel, on the other hand, states that he has troubles 
principally with major insulation of his transformers. Since 
waves producing maximum stresses in major insulation do not 
have to be particularly steep, but must have considerable length, 
the conclusion from Ms experience should be, that it is this type 
of wave that is most important and typical of transmission lines. 

Since both discussors evidently had the experience with a 
large number of transformers the only conclusion that can be 
drawn, wMch does not conflict with their experiences, is that 
waves of both types are present, but one type of transformer is 
too weak in its turn insulation and the other in the major insula¬ 
tion. We have expressed on many occasions our conviction that 
the transformer designer must consider the entire range of waves 
as probable and therefore design the insulation accordingly. 

Vogel Discussion. We are glad to learn that Mr. Vogel’s 
analysis of the effect of protective devices supports our view on 
relative merits of wave modifiers and lightning arresters. How¬ 
ever, his curves of initial or electrostatic voltage distribution 
(Figs. 3 and 4) of shell and core type transformers may be mis¬ 
leading without the following comments: 

The striking difference between the 2 curves is not due to the 
difference in the type of the 2 transformers as one may conclude 
from the captions, but due to the fact that his core type trans¬ 
former was of an ordinary construction, where no special effort 


Distributed Capacitance of Oil Immersed Surge Absorber. We 
estimated in the paper that the maximum capacitance of a high- 
voltage oil-immersed protective transformer winding to its case 
(that is to ground) should be of the order of 0.0004 microfarads 
if the cost of the device is to be kept within practical limits. Mr. 
Thomson states that this capacitance in. his absorbers is 10 
times as high, but admits that in the Mgh-voltage range the 
absorber can not compete in price with lightning < arresters. 
While we failed to find any test data on Mgh voltage absorbers, 
published by Thomson or his associates, we must agree that if 
the cost of the device is to be disregarded, tMs capacitance can 
be made even 100 times the value mentioned by us. 

Incidentally, in one of the latest publications on the absorber 
(Bulletin 701 mentioned previously) issued by Mr. Thomson’s 
associates, the estimated capacitance of the high voltage ab¬ 
sorber to ground is given as 0.001 microfarads. TMs is much 
nearer to the 0.0004 suggested by us than to the 0.004 suggested 
by Mr. Thomson. After all, our figure was stated to indicate 
only “the order of magnitude.” But it is rather surprising to 
find a 4:1 difference in the estimate of tMs capacitance between 
various engineers responsible for the absorber. 

Mr. D. W. Roper's Discussion. Mr. Roper’s discussion shows 
how effective a lightning arrester is where full advantage of its 
properties is taken. Comparing Ms present data on transformer 
failures with that given in Ms A.I.E.B. paper, Transactions, 
Volume. 51,1932, we find that before interconnection of a trans¬ 
former secondary neutral wire with the arrester’s ground the rate 
of distribution transformer failures on Ms system was 0.4 per 


Fig. 8—Initial or 
Electrostatic Volt¬ 
age Distributed in 
Core as Shell Type 
Transformers 

1. 40,000-kva 220-kv shell 
type with electrostatic shield 
(Putman) 

2. 26,OOO-kva 220-kv shell 
t 3 ^e without electrostatic 
shield (Vogel & Hodnette) 

3. Large 164-kv core typo 
transformer without electro¬ 
static shield (Palueff) 

4. Same transformer as 
No. 3 but with electrostatic 
shield (Palueff) 

was made to reduce the voltage concentration near the line end; 
on the other hand, the shell t 5 rpe transformer evidently was 
provided with an electrostatic sMeld (tMs is a rather recent 
addition to shell type transformers and under some of the 
transient voltage conditions may reduce the concentration at 
the Hue end). The writer’s belief in tiie correctness of this 
opinion is based on the fact that curves published by Mr. F. J. 
Vogel and Ms associates for shell type transformers prior to the 
adoption of the sMeld were essentially like that shown by him 
for the core type wMle curves published by them after the shield 
was incorporated coincide with Ms curve in Fig. 4. As we have 
shown before, the electrostatic sMeld can produce such a differ- 
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ence in the shell type transformer only in case the entire winding 
is in one group or a number of groups connected in parallel. The 
latter construction, however, is effective only for limited apphca- 
tions. A reproduction of earlier curves for shell type transformers 
secured by Mr. Vogel and his associates (A.I.B.E. Transactions, 
March 1931) is shown in Fig. 8 of this discussion and compared 
with data on core type transformers obtained by us and pub¬ 
lished in A.I.E.E. Transactions, January 1929. 

Mr. Ph^p Spom is to be congratulated for initiating a pro¬ 
gram having for its objective the securing of the very best pro¬ 
tection obtainable with the arrester equipment. His decision to 
reduce gradually the safety factor of the arresters until the limit 
is reached through actual experience is most welcome, as it 
certainly is the most positive way of determining this limit. Of 
course, it is appreciated generally that this limit will vary for 
various systems. 

The writer calls to Mr. Spom’s attention the fact that we do not 
suggest the use of a wave modifier, but merely state that in ease 
the operatmg engineer wants to have one, then the most suitable 
wave modifier is a condenser connected in shunt with an arrester. 
Both Messrs. Spom and Norris refer to the service e^^erience 
for indication of impotency of an arrester to prevent transformer 
failure. Before any weight to these experiences is given it must 
be realized that there is a large number of different types of 
arresters which differ esentially in their protective ability. 
Second, that numerically, there is a greater number of old ar¬ 
resters and transformers than of the modem type. These old 


apparatus were not always coordinated properly with one another 
and their installations were made before the effects of various 
factors were generally appreciated. 

The behavior of some of the modern arresters was calculated 
mathematically, checked experimentally under laboratory con¬ 
ditions, and checked again imder service conditions, as for ex¬ 
ample, has been done by Messrs. McEachron and Wade (A.I.B.E. 
Trans., June 1931, p. 479), who secured very valuable and 
convincing data from elaborate tests made with the assistance of 
field installations of lightning generator and cathode ray oscillo¬ 
graph on part of a large high voltage transmission system. 

The reliable field installations of devices capable of measuring 
arrester discharge currents produced by lightning are very few 
in number and therefore it is not surprising that not many 
records have been obtained up to the present. However, it is 
interesting to recall that Mr. P. Spom himself found discharge 
currents of 2,620 and 1,260 amperes in some of his arresters; 
(A.I.E.E. Transactions, March 1928). These currents are of 
the order of magnitude that represents nearly maximum current 
that can be expected on a 132-kv system. 

All in we believe that a modern transformer protected by a 
modem lightning arrester properly installed is the most practical 
solution of the problem up to the present. If protection against 
direct strokes is desired the arrester should be supplemented by 
^ound wires installed over the station and extending over the 
line a short distance, which now can be computed with engineer¬ 
ing accuracy. 



Current and Voltage Wave Shape 
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Synopsis,—This paper gives data on the voltage and current 
wave shape of mercury arc rectifiers on both the d-c and a^c side. The 
values of the harmonics at light load are considered first and the 
modifications of the harmonics under load due to impedance then 
are studied. The results of tests on rectifiers are given and are in 
reasonable agreement with the theoretical values whicht for con^- 


venience in use^ are plotted in the formlof curves. The relation he^ 
tween the harmonics in rectifiers with different transformer con¬ 
nections is shown and consideration also is given to modifications 
introduced when the Orc voltage contains harmonics or has a phase 
unbalance. A brief discussion is given of some methods of modifying 
the harmonic voltages in this type of apparatus. 


Introduction 


M ercury arc rectifiers have current and voltage 
wave shapes that are inh^nt in the normal 
operation of the apparatus. It is the object of 
this paper to discuss the wave shape on both the a-c 
and d-c side of rectifiers and to show how to estimate 
the wave shapes of the voltage and the current on 
either dde rmder operating conditions when the circuit 
constants are known. Methods available for modifying 
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the wave shapes of rectifiers are discussed. The first 
part of the paper deals with the d-c side and the second 
part deals with the a-c side of the rectifier. 

The data given in this paper apply to rectifiers of the 
customary types that make use of the iwtif3nng proper¬ 
ties of a mercury cathode or a thermionic cathode in¬ 
closed in an evacuated chamber. They do not apply 
to rectifying devices in which the normal operation is 
controlled by a third element generally called the grid. 

Part I—Voltage and Current Wave Shapes on the 
D-C Side 

The wave shape of the voltage on the d-c side is dis¬ 
cussed by considering first the voltage wave which 
would be obtained in normal operation with balanced 
polyphase sine voltages applied to the rectifier. The 
modification due to the presence of unbalances or har¬ 
monics in the a-c voltage wave then is considered. 

TheoreHcal Wave Shape of the D-C VoUage at No-Load 

The voltage on the d-c side at any instant under the 
no-load condition is the voltage between the cathode 
and the anode which has the highest positive potential. 

‘General Bleetrio Co., Schenectady, N. T. 

Presented at the summer convention of the A.I.E.E., Chicago, 
lUinois, June SSSO, 19SS. 


Thus the d-c voltage wave is made up of the tops"of 
sine waves cut off at intervals v/p on either side of the 
maximum as n Fig. 1, where p is the number of phases. 
This wave has been analyzed^land gives the Fourier 
series 

e=E+hi cos pO-\-'bs cos 2pB-\- .., -1-6,, cos mpd-\- ... 
E is the d-c voltage which is pven'by^the formula 




X 

P 


in which Eo is the peak value of the voltage to neutral 
on the secondary side of the transformer. The coeffi¬ 
cient of the mth cosine term is 


6 


2E 

1 


( 2 ) 


Effect of Load Upon the DC VoUage Wave 
If only one anode at a time is carrying current the 
voltage wave shape with load is the same as at no load. 
On account of inductance in the transformer windings 
and connections the load current cannot be transferred 
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u - Angle of overlap 



instantly from one anode to another and the currents of 
two or more anodes overlap during part of the cycle. 
During the period of overlapping the anodes are at the 
same potential which is the average of the voltages of 
the phases with which these anodes are associated. 
Fig. 2 shows the shape of the d-c voltage wave when 
overlapping takes place between two anodes. The 
angle of overlap is designated by the symbol it. An 
analysis of this curve gives the Fourier series 

1. For references see end of paper. 
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e—Ej, +ai sin pd+a^ sin 2p6+ ... -fom sin mpd+ ... 
+6iCosp0H-62Cos2p0+ •.. +bm cos mpd+ ... 

In this equation Ei, is d-c voltage under load, given by 
the formula* 

El = E cos* 2 (4) 


In the 12-phase rectifier the voltage at no-load is 
cut off at intervals of 1/12 of a period of the a-c supply 
voltage so that the 12th, 24th, etc., harmonics of the 
frequency of the supply system are present. The per¬ 
centage values of these harmonics at no-load and with 
load are the same as in the 6-phase rectifier and can be 
obtained from the curves for these harmonics in Fig. 3. 
Theoretically the 6th, 18th, etc., harmonics, the odd- 


E is the d-c voltage at no load. Formula (4) allows for 
the effect of overlapping but does not allow for the arc 
drop or the IR drop due to losses in the transformer 
windings. 

The coeffiments of the with sine and cosine terms are 
req)eetively* 



cosmx I 


sin (rnp-fl) u 
mp + 1 


sin (mp—1) u ~j 

mp—X J 


E r cos (mp -|- 1) m 

Om = cos mw I -;- 

2 L mp + X 


Fig. 4—Anglb or 
OvEBLAP Plotted 
AS A Function op 
Load 



_ cos (mp — 1) « 2 1 

mp—1 m*p* — 1 J 

T he effective value of the harmonic of order mp is 

V Om® + 6»*. The harmonics can be referred to the 
d-c voltage with load by multiplsring by the ratio E^/E. 
In the 6-phase rectifier the voltage at no-load is cut 



off at intOTvals of 1/6 of the period of the a-c supply 
voltage so that the harmonics which are present on the 
d-c ride are the 6th, 12th, 18th, 24th, etc., harmonics of 
the supply system frequency. Fig. 3 shows the values 
of these harmonics as percentages of the d-c voltage 
with load plotted against the angle of overlap. The 
curves show the magnitudes only but the phases also 
change with the angle of overlap. 


multiples of the 6th, are zero for 12-phase operation but 
actually they exist due to various causes such as the 
presence of harmonics in the a-c supply voltage, un¬ 
equal division of load between two sets of 6 phases, etc. 
The values of these harmonics observed in tests are 
given later. 

CeUculaHon of Angle of Overlap 

The p^centage values of the harmonic voltages on 
the d-c side can be obtained from Fig. 3 for any load 
condition if the angle of overlap is known. The formula 
for calculating the an^e of overlap from the constants 
of the transformer and the supply circuit has been 
published.* If resistances are neglected the formula is 

u = cos-1 f 1 - „ 1 (7) 

L Eo sm ir/p J 

where 

u = angle of overlap 

p = number of secondary phases in each group* 

I = load current in each group of secondary windings 
X = reactance from anode to neutral of the circuit in 
which commutation is taking place 
Ea = peak value of voltage to neutral on the secondary 
side of the transformer 

Fig. 4 shows^ u as a function of IX/Eq for different 
types of rectifiers. The commutating reactance* X is 
the reactan ce of the circuit for the current which circu- 

*p also may be defined as 

__360_ 

(conduetin^ period in degrees) - (angle of overlap) 

The values of p for some of the common connections are 
p - 3 for e-phase double-wye and 12-phase quadruple-wye, 

p =■ 6 for 6-phase star and 12-phase in double 6-phase relation, 
and 

p = 12 for 12-phase star. 
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lates between the windings undergoing commutation. 
It indudes the reactance in the transformer windings 
and the reactance in the supply syst^. The com¬ 
mutating reactance of the transformer can be measured 
or calculated from the design. The equivalent re¬ 
actance of the supply system referred to the secondary 
side depends upon the transformer connection.* The 
following formulas for the equivalent reactance of 
supply system apply to a number of connections that 
have been used for 6-phase and 12-phase rectifiers. 

(а) Secondary double-wye or quadruple-wye, pri¬ 
mary either delta or wye 

= ... ( 8 ) 

(б) Secondary star 6-phase or forked 6-phase, pri¬ 
mary delta 



X, = line-to-neutral reactance of supply system at 
fundamfflital frequency, referred to the primary 
side of the transformer 

X" = equivalent reactance of the supply system at 
fundamental frequency for the commutating 
current 

E' = voltage to neutral on the primary side 
E" = voltage to neutral on the secondary side 
The reactance of the circuit in which commutation is 
taking place is 

X = X' + X*' (10) 

where X' is the commutating reactance of the trans¬ 
former for the coimection used. 

Effect of Interphase Transformers Upon tiie D-C Voltage 
Wave Shape 

The connection known as the double-wye 6-phase 
connection has two groups of three phases connected by 
an interphase transformer which causes each group to 
carry one-half the load current. The voltages on the 
two sets of phases are displaced by 60 degrees. The 
voltage on the d-c side is the average of the voltages on 
the phases that are carrying current. The d-c voltage 
wave at no load' is obtained by plotting the average of 
two curves similar to Fig. 1 displaced by 60 degrees, 
each curve being cut off at intervals of 60 degrees on 
either side of its maximum. It is found by plotting such 
a curve that it has the same shape as the no-load voltage 
wave for ordinary 6-phase operation as obtained with 
the star 6-phase connection. Since the shape of the 
curve is the same the harmonics of the same frequency 
are present and their percentage values referred to the 
d-c voltage are the same. 

Under load conditions there is overlapping between 
anodes in the same group and the d-c voltage wave is 
obtained by plotting the average of two curves similar 
toFig.2 with 60 d^ees displacemaat. It can be shown 


that for any given angle of overlap the percentage 
values of the harmonics referred to the d-c voltage are 
the same as for ordinary 6-phase operation with the 
same angle of overlap. To calculate the an^e of overlap 
in this case it is necessary to rise the commutating re¬ 
actance between two windings 120 degrees apart since 
the commutation takes place between anodes placed in 
such an electrical relation. On the star 6-phase rectifiOT 
the commutating reactance between windings 60 degrees 
apart is taken since commutation takes place between 
successive anodes. For other 6-phase arrangements 
such as triple single-phase, 6-phase forked, etc., the 
pCTcentage values of the harmonics are the same for any 
given angle of overlap provided the currents of not 
more than two anodes overlap. In each case the proper 
commutating reactance for the particular connection 
must be known in order to calculate the angle of overlap. 

In the 12-phase rectifier there also are different ar¬ 
rangements of transformers and interphase transformers 
which can be used. For instance, one arrangement has 
two groups of 6 phases displaced by 30 degrees and an 
interphase transformer which causes the load current 
to be divided between the 2 groups of 6 phases. It can 
be shown by analyzing the various arrangements that 


Piq.5—^D-C Volt¬ 
age Wave Shape 
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the 12th, 24th, etc., harmonic voltages are present and 
their percentage values are the same as in the 6-phase 
rectifier with the same angle of overlap, provided the 
currents of not more than two anodes overlap. It is 
necessary to know the appropriate commutating re¬ 
actance in each case in order to calculate the angle of 
overlap for a given load. 

In formulas (5) and (6) and in the curves of Fig. 3 
it is assumed that not more than two anodes in each 
group are carrying current at the same time. When an 
interphase transformer is used the number of groups is 
two or more. For the star 6-phase coimection or the 
12-phase connection in double ^phase relation the num¬ 
ber of phases in each group is six. When the mgle of 
overlap is approximately 41 degrees (at the ipoint P 
in Fig. 2) a third anode in each group begins to carry 
current. Thus the curves do not apply above that 
point. For the double-wye 6-phase connection and the 
quadruple-wye 12-phase connection the number of 
phases per group is three. When the angle of overlap 
is less than 90 de^ees not more than two anodes in 
each group are carrying current and thus, the curves 
which are plotted up to 60 degrees overlap apply over 
their whole range. For the star 12-phase connection 
the curves apply up to 20 degrees overlap. The analysis 
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of the voltage curve can be modified to allow for the 
effect of more than two anodes canying current but it 
has not been found necessary to do so because close 
enough estimates could be made' without it and there 
are other factors such as higher harmonics in the voltage 
on the a-c side which are not taken into accormt. 

Modifiecaion of the D-C VoUage Wave Shape Due to 
Harmonics or Phase UnbaUtnee in the A~C VoUage 
When harmonics are present in the a-c supply voltage 
of a 6-phase rectifier their effect may be studied by a 
(fiagram similar to Fig. 1. In Fig. 6 the heavy dotted 
lines show the d-c voltage at no load when a sine 
wave of voltage is applied. The full lines show the 
conditions that exist when a 6th harmonic in phase with 
the fundamental is present in the voltage supply. By 
anal]rzing the d-c voltage in a Fourier series it is found 
that the 5th harmonic in the a-c supply gives rise princi¬ 
pally to a 6th harmonic and small amounts of 12th, 
18th, etc., harmonics. By a similar analyas it is found 
that a 7th harmonic in the a-c voltage gives rise princi¬ 
pally to a 6th harmonic in the d-c voltage. Similarly 
an 11th or ISth harmonic produces principally a 12th 
harmonic, a 17th or a 19th harmonic produces prind- 
pally an 18th harmonic, etc. In all these cases the peak 
value of the harmonic produced on the d-c side is 
approximately the same percentage of the d-c voltage 
as the percentage value of the harmonic producing it 
on the arC side. Depending on their phases, these 
harmonics may add to or subtract from the correspond¬ 
ing harmonics which arise in the normal operation of 
the rectifier.* 

In a 12-phase rectifier it is found that an 11th or 13th 
harmonic on the a-c side gives rise principally to a 12th 
l^rmonic on the d-c side, a 23rd or 25th harmonic gives 
rise to a 24th harmonic, etc. 

The action of a 5th or 7th harmonic in the voltage 
wave shape of a 12-phase rectifier in producing a 6th 
harmonic on the d-c side requires further study. This 
may be seen as follows. One method of producing 12 
phases in theory is to operate two 6-phase rectifiers in 
parallel with the primary of one connected wye and the 
other delta. Let the voltage from line to neutral on the 
wye be given by 

Can = El cos 0 + Et cos 50 (11) 

The voltage across the delta will be 
«ab=£?i[cos ^-cos(^-hl20)]H-£fj[cos 50-cos 6(0+120)] 


= VS {El cos (0 - 30) - jE? 6 cos 5 (0 - 30)} (12) 

The factor V^ is taken care of by the different trans¬ 
formation ratio for the wye and delta transformer. The 
n^ative sign of the 6th harmonic in cab shows that it 
is opi)osite to the 6th harmonic in can with respect to 
the fundamental. Therefore the d-c voltage wave dur¬ 
ing the first 1/12 of a cycle of the fundamental is not 
the same as during the next 1/12 of a cyde and a 6th 
harmonic is present. It is found by analyzing the 5th 
harmonic separately that the percentage value of the 
peak value of the 6th harmonic so produced is the same 
approximately as the percentage value of the 5th har¬ 
monic in the supply system voltage. The effect of a 
7th harmonic can be analyzed in a similar manner and 
it is found that it produces a 6th harmonic on the d-c 
side for the same reason. 

Other possible sources of harmonics in the d-c voltage 
of a rectifier are unbalances in the a-c supply due to the 
angle between the 3-phase voltages not being exactly 120 
degrees apart or due to the voltages of the 3 phases not 
bdng exactly equal. An analysis shows that the effects 
to be expected due to these causes on commerdal power 
systems are negUgible. The 6th, 12th, 18th and 24th 
harmonics on ^e d-c side of a rectifier, when the a-c 
supply has 1 phase greater than the others by 1 per 
cent or the angle between 2 of the phases differs from 
120 degrees by 1 degree, do not differ by 10 per cent 
from the harmonics when the magnitudes or the angles 
between the 3 phases are equal. 

Comparison of Measured and Calculated Values of the 
Harmonic VoUages on the D-C Side 

Table I shows a set of readings taken on a 6-phase 
rectifier which had a d-c reactor in series with the load. 
The measurements were made across the load. From 
^e harmonic voltage and current measurements the 
impedance of the load Zian at the harmonic frequencies 
was calculated. The impedance of the d-c reactor 
and of the transformer was estimated from their ^Agign 
constants. From these the internal voltage in the recti¬ 
fier of the harmonics was calculated for each frequency 
from the formula 

Ehm + Znm 

earn = eiM - ^ - (13) 


table X TEST DATA AND OALOUIA.TBD DATA ON A 6-PHASE, 600-KW BBOTII’IBR 


240-kw load 


720-kw load 


Har* 

monic 

I 6.. 
12 ., 
18., 
24.. 


Theoretical Meas. voltage Meas. current 
no-load across d-c on d-c 

voltage % load % side % 

.4,04.1,86.1.01_ 

.0.99.0.46.0.17_ 

.0.44.0.80.0.08.... 

.0»2g.0.27.0.06.... 


Internal voltage 
on d-c side 
calc, from 
measured 
voltage % 


Theoretical 

voltage Meas. voltage 
on d-c across d-c 

side % load % 


Internal voltage 
on d-c side 

Meas. current calc, from Theoretical 

on d-c measured voltage 

% voltage % on d-c side % 


.4.84. .6.60.1.36. 

.1.48.1.56...0.97. 

.0.96.0.86.0.71. 

.0.88.0.70. 0.46. 


.0.68.3.63.6.6 

.0.26.2.69. 2 2 

0.13.1.89.1.8 

•0.07.1.23. 1.2 
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where 

fiRm = mtamal harmonic voltage of rectifier 
fiLm = harmonic voltage measured across load 

To calculate the angle of overlap the commutating 
impedance of the transformer was known from the 
design. Prom measurements on the a-c side the im¬ 
pedance of the a-c supply was obtained. Combining 
these impedances in the manner previously discussed 
the angle of overlap was calculated from equation (7) 
and found to be 14 degrees for the 240-kw load and 24 
degrees for the 720-kw load. Fig. 8 then gave the theo¬ 
retical percentage values of the harmonics under load. 
A comparison of these with the values calculated from 
equation (13) shows good agreement except in the ease 
of the 6th harmonic. Measurements for the a-c side 
showed the presence of 1.9 per cent 5th harmonic and 
1.0 per cent 7th harmonic. If these harmonics were in 
phase opposition to those produced by the normal 
operation of the rectifier the resultant to be expected 
on the d-c side would be 6.5 — (1.9 -t-1.0) = 3.6, which 
now agrees with that obtained by equation (13) from 
the test result. This agreement must be regarded as a 
coincidence, however, ance the phase relations might 
not have been those assumed. 

Table II shows similar tests at different loads on a 
12-phase rectifier. It will be noted that there is reason¬ 
able agreement between tests and calculated values for 
the 12th and 24th harmonics. The disorepancies can be 
accounted for by harmonics present originally in the a-c 
supply system, and by the reaction of the rectifier on 
the a-c supply system which produced harmonics in the 
voltage at the a-c terminals of the rectifier, to be dis¬ 
cussed later. These harmonics in turn gave rise to 
harmonics on the d-c side which were out of phase with 
and thus tend to reduce those produced by the rectifier 
under normal operating conations. The values of 
theoretical voltage for the 6th and 18th harmonics have 
been left blank, but it may be noted that they are re^ 
dueed from what they woidd be if the rectifier operated 
6-phase. The reduction of the 6th harmonic is three to 
one and in the 18th harmonic is five to one, as compared 
with a 6-phase rectifier. Prom a number of tests it has 
been found that the average reduction in the 6th and 
18th harmonics obtained by use of the 12-phase con¬ 
nection approximately is four to one compared with the 
values which would be obtained if a 6-phase connection 
were used. 


The effects due to harmonics on the a-c side of recti¬ 
fiers give rise at the present time to the largest sources 
of error in estimating the harmonic voltages on the d-c 
side. The difficulty arises principally from the fact that 
not only have the rdative magnitudes of the harmonics 
to be known but also their phase relations. 

Method of Reduoing the Harmonic VoUages on the D-C 
Side 

When it is desired to reduce the m 2 ^:nitades of the 
harmonic voltages on the d-c side suitable, apparatus 
can be provided. The usual method is to connect a 
series reactor in the d-c circuit, usually called a d-c 
reactor, between the rectifier and the outgoing line and 
resonant shimts across line on the line side of the reactor 
as in Fig. 6. The resonant diunt consists of an induc¬ 
tance and a capadtance in series tuned for the frequency 
of the harmonic which it is desired to reduce. A shunt 
is provided for each harmonic to be reduced. If the 
resonant shunt is tuned for the frequency of the »th 
harmonic its impedance at that frequency is a pure re- 


Pio. 6-RiiCTmBB 
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sistance which is small compared with the impedance of 
either the reactor or the capacitor at the same fre- 
quaicy. If the resonant shunt is connected as in Fig. 6 
and the resistance of the resonant shtmt is small com¬ 
pared with the impedance of the load so that tiie im¬ 
pedance of the loadjcan be neglected, we have 

E, = F»r„/ V (®o + ®*)* + Tt? (14) 

where 

E, = «th harmonic voltage across the resonant shunt 
(or outgoing bus) 

En = nth harmonic internal voltage 
a!o = internal reactance of the rectifier for the nth 
harmonic 

Xn = reactance of the series reactor for the nth har¬ 
monic 

r» resistance of resonant shunt at nth harmonic 
If r„ is small compared with ro + *», the ratio EJE„ 
sometimes called the reduction factor, is approximatdy 
a — En/E$ — (®o 4* ®n)/j’n (15) 


TABLE II_TEST DATA AND OALOULATBD DATA ON A I2>PHASB| 3,000-KW BEOTIPIBR 


Light load 


Harmonic 


Theoretical 
no-load value 
% 


Measured 
voltage across 
d-c load 


Internal voltage 
. calc, from 
measured voltage 
% 


Measured 
voltage across 
d-c load 

% 


.\0.87 .1.04 .0.79 , 

, .0,26 .0.69 .0.66 . 

. .0.088.0.108.0.047. 

n nfis.0.18.'0.286. 


PuUload 


Measured 
current on 
d-c side 


Internal voltage 
on d-c side calc, 
from meas. voltage 


.0.77.2.26 

.0.38.1.62. 

.0.02.0.13 

.0.09.0.79. 


Theoretical 
voltage 
on d c side 

% 


.1.7 
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By properly proportioning and any required re¬ 
duction in the harmonic can be obtained. The size of 
the filter depends upon the reduction required, the 
greater the reduction the larger the filter. 

The losses in such an equipment practically entirely 
are those in the series d-c reactor. The losses in the 
shunt circuit consisting of inductance and capacitance 
are negligible. In general the internal reactance ajo of 
the rectifier is small so that the error in using Xn instead 
of Xo H- x„ in the above formula is not very great. 

Part II—Current and Voltage Wave Shares on 
THE A-C Side 

The wave shape of the current in the a-c line which 
supplies a rectifier is shown first by considering the 
theoretical wave shape at no-load (light load) and then 
considering the modification of the wave shape when the 
rectifier is carrying load. The rectifiers considered are 
the 6-phase rectifier and the 12-phase rectifier supplied 
in either case from a 8-phase a-c S 3 ^tem through suitable 
transfonners. The current on the a-c side which will be 
analyzed is the current in the 3-phase line that connects 
the rectifier transformer to the supply generator or 



I'lQ. 7—6 -Phasb Star 
Rbctifibb 


through the complete cycle and the shape is found to 
be as shown in Mg. 8. This is not a sine-shaped current 
although the supply voltage was assumed to be a pure 
sine wave. 

It may be noted that the current wave of Fig. 8 
approximately is rectangular in shape although the top 
is rouqded slightly since it follows the shape of two sine 
curves displaced 60 degrees from each other and cut off 
at intervals of 30 degrees on either side of the maximum. 
As a first approximation it might be assumed that the 
current wave is rectangular as in Fig. 9 and has the same 


Pia. 8 —^No-Load 
C xrBRBNT Wave 
Share eor 6- 
Phase Stab Rec¬ 
tifier (Round- 
Topped Wave) 



i 


average height as the wave of Mg. 8. These waves will 
be called roimd-topped and flat-topped to distinguish 
them from each other. 

The curves of Mgs. 8 and' 9 have been analyzed be¬ 
fore.’ The Fomier series for the flat-topped wave in 
Mg. 9 which may be considered as the theoretical no- 
load current wave for the star 6-phase connection with 
delta-connected primary is 

2 V3/ r . 1 1 

= - -sm 5 - —sin 50 - —y- sin 70 

1.1 1 
+ sin 110 -h - sin 130... J (16) 


system. The voltage on the a-c side refers to the line- 
to-line voltage of the supply line at the transformer 
terminals. 

Theoretical Wave Shape of the Current at Idght Load, 

The case of a 6-anode rectifier with transformer con¬ 
nected delta on the primary side and star 6-phase on the 
secondary side, as in Mg. 7, is considered. The load on 
the d-c side may be assumed to be a high resistance so 
that the current is small compared with the normal load 
curr^t, and the transformer exciting current may be 
considered as negligible.. The rectifier permits current 
to flow only in the potitive direction and the anode 
which has the highest positive potential carries the cur¬ 
rent. During the conducting period for this anode the 
rwtifier ^d its load may be thought of as a simple a-c 
arcuit with resistance. It is assumed that the voltage 
applied to the rectifier is a sine wave. The conducting 
pmod for any one anode is one-sixth of a cycle of the 
supply voltage. At tiie end of the conducting period 
the next anode becomes higher in potential (see Mg. 1) 
and carries the current. The current then follows the 
shape of another sine curve displaced 60 degrees from 
the first. The curve of the curreiit m each 1iTi*> of the 
supply circuit can be plotted by tracing the current 


Mg. 10 shows the theoretical no-load current wave 
(fiat-topped) for a different 6-phase connection. This 
is called the double-wye 6-phase connection with delta- 
connected primary. The two wyes are coimected by an 
interphase transformer that causes the load current to 


Pig. 9—^No-Load 
C uBBENT Wave 
Shape fob 6- 
Phase Star Rec- 
tifier (Plat 
Topped Wave) 



- 7 ^ - 

1 

I 

__ 

1 

-5l3(fk- 

-150 

-100®- 

- Ti 

1 




be divided between them. The Fourier series for this 
curve is 

» = [ sin 0 -I- sin 50 -|- sin 70 

1 . 1 -| 
ir"130 -I- ... J (17) 

^ It may be noted that the harmonics that are present 
in either of the 6-phase rectifiers are the 5th, 7th, 11th, 
13th, 17th, etc., and may be given by the general 
formula 6w ± 1 where (w = 1, 2, 3,...). The magni- 
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tude of any given harmonic inversely is proportional to 
the order of the harmonic for these connections and 
other 6 -phase connections. The phases of the har¬ 
monics, however, may be different for different con¬ 
nections as may be seen by comparing the signs of the 
terms in equations (16) and (17). 

An analysis of the round-topped wave in Fig. 8 gives 
the Fourier series 

3 . 3 O 8 I 0 

» =---[sm e - 0.226 sin 56 - 0.113 sin 76 

IT 

+ 0.091 sin 110 + 0.065 sin 130 
- 0.0667 sin 170 - 0.0454 sin 190 
+ 0.0412 sin 230 4 - 0.0349 sin 250 - . . .] 

(18) 

By changing the signs of the coefficients of the 5th, 
7th, 17th, 19th harmonics inside the square brackets in 
(18) and appropriately modifying the multiplsdng factor 
the Fourier series for the wave in Fig. 10, when modified 
by rounding the tops of the wave can be obtained. 
Since the analysis with this type of wave is much more 
difficult and since in most cases the rectifier operates so 
that the waves are flat-topped the discussion following 
is based upon equations (16) and (17). 


m 


mA 


• ^ I 

\< -120®->| 

K-ISO®— 


-H 


Fig. 10— No-Load 
Current Wave 
Shape for Dou- 
ble-Wyb 6-Phasb 
Rectifier (Flat- 
Topped Wave) 


Figs. 11 and 12 show current waves for two different 
12-phase connections at no-load. The Fourier series 
for the curve in Fig. 11 is 


2V3/ r . . 1 . 1 . 

i =-I sm 0 — -rp sm 110 — - 75 - sm 

TT COS 7 r /12 L 11 13 

1 


sin 230 4 - sin 260 • • • J 


130 


4- 


(19) 


23 ' 25 

The Fourier series for the curve of Fig. 12 is 

^ ^ sin 0 4 - • sin 110 4- sin 130 


the same for different connections but the phases may 
be different. While the harmonics of the order 6 w ± 1 
where (m = 1, 3, 5,...) theoretically are zero in the 
12 -phase rectifier, in actual practise small amounts of 
these harmonics may be found. These harmonics are 
discussed later. 

Theoretical Wave Shape of the Current Under Load 
Conditions 

When the rectifier is carrjnng load the effect of 
inductance in the circuit cannot be neglected. On ac¬ 
count of inductance the current cannot be transferred 


Fig. 11—^No-Load 
OVERBNT WaVD 
Shape pobStab 12- 
Phase Rectipieb, 

FbIMABT op ^ 

TbANSPOBMEB 1^11^105^—>i 
Connected i<-* i35o- ^ a; 

Delta II-- 'i®80»------ 



instantly from one anode to another and overlapping 
takes place as stated in Part I. The current waves 
thCTefore must be modified to show a gradual building 
up of the current when the phase becomes active and a 
gradual falling off when the phase becomes inactive. 
The calculation of the wave shape would be very com¬ 
plicated if all of the factors, such as reristance and 
inductance on both sides, exciting currents of trans¬ 
formers, wave shape of the voltage applied to the 
rectifier, etc., were taken into account. In view of the 
fact that some of the factors entering into the problem 
cannot be controlled, for instance the wave shape of the 
supply system voltage, the lengthy calculations in¬ 
volved would not be justified. 


Fig. 12—^No-Load 
C uBRENT Wave 
Shape pob 12- 
Phase Rectipieb 
IN Do hbIie 6- 
Fease Relation, . 
Primary op 
Tbanspobmeb 
Connected 
Delta 


I 

I 

A 


nr“ 

I 

I 

I 

1 +^ 

.V3 


- 120 ®- 

j<.-ISO®- ^ 

W -180®- ^ 


I 

1 

_ 


iT 


■ 2 g sm 23 0 -(■ 2 g 0 ... ^ (20) 

The harmonics which are present are the 11th, 18th, 
23rd, 25th, etc., and may be given by the general 
formula 12m ± 1 where (m = 1, 2,. 3,...). The magni¬ 
tudes of these harmonics inversely are proportional to 
the order of the harmonic. The Fourier series when the 
waves are round-topped may be written down by taking 
the appropriate coefficients from equation (18) i As in 
the 6 -phase case, the magnitudes of the harmonics are 


As a first approximation the theoretical current waves 
at no-load (flat-topped) will be modified to allow for the 
effect of overlapping and other factors will be neglected. 
The curves so obtained can be analyzed easily. It is 
shown in the discussion of the test results below that 
the values of the harmonies obtained from such an 
analysis correspond approximatdy to the upper limit of 
the corresponding harmonics obtained by test. 

The curve from Fig. 9 when modified for overlapping 
has the appearance of the curve shown on Fig. 13. The 
zero point will be taken as the point where the phase 
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considered begins to carry current; this is 30 degrees to 
the right of the zero point in Fig. 9. The angle of av&t- 
lap is represented by u. Prom the analsrsis upon which 
formula (7) for the angle of overlap is based^ the cur¬ 
rent during the interval fix)m zero to is given by the 
formula 


i 


Eo sin tt/p 
X 


(1 — cos 9) 


where 6 is the electrical angle and 13ie other symbols are 
as defined under formula (7). When the load current is 


Fig. 13—Currbiw 
Wave Shape for 
6-Phasb Stab 
Rectifier Under 
Load (Flat 
Topped Wave) 
u » Angle of overlap 




transferred to the next phase there is a similar current 
in the opposite direction so that it subtracts from the 
load current until the current in the phase is reduced to 
zero. If it is assumed that the above equation applies, 
the positive half-cycle of the wave of Fig. 13 can be 
represented by the following equations that have been 
written in terms of the load current I and the angle of 
overlap u from equation (7). 

I 

^ = (l-cosd) 0<e<u 

» = u <9 < 2ir/8 

I 

^ “ T- cos« 


(2ir/8) <9 < (2w/8) -f- u 

« = 0 (2ir/3) -^v, <9 <r 

The current as given by the above equations can be 
expressed in a Fourier series 

i = di sin 9 di sin 59 -(- dj sin 79 -(- On sin lid 

dit sin 13d ... -}- 61 cos d 65 cos 6 d 67 cos 79 

+ bn cos lid -}- 5i8 cos 13d -f ... (21) 

There are no even harmonics in the wave since it is 
symmetrical. The coefiieifflits d„ and b„ are given by 
the formulas 

41 rQsin(’»’r/8)-Pcos(wx/3) 1 
T L m(m*-l)(l-cos«) J ^ 

. 47 rP an (mx/S) -f Q cos (mx/S) 1 

”* TT L m (m* - 1 ) (1 - cos tt) J (’wir/3) 

In these equations 

P = m sin u cos mu — cos u sin m u 
Q = m sin u sin mu -j- cos u cos mu — "i. 


The magnitude of the mth harmonic is 

- 47 VP* + Q* 

+ 6.- - — »(«._l)(l-cos«) ^ <”•'/«> 

( 22 ) 

The formulas for dm and bm do not apply to the 
fundamental because the numerator and the denomina¬ 
tor of the expressions in the square brackets become 
zero when m = 1. The values of the coefficients for 
the fimdamental are 

V3 J r V3sin *u + (u — miu cos u) I 
~ 27r L 1 — cos u J 

V3 J r sin^« — V3 (m — sinMcosM) ~[ 

^ ~ 2ir L 1 — cos u J 


VOi*H~6i*= 


V8 I 
■7r(l—cos u) 


V(«i—sin u cos «)*+sin< u 


(23) 


At the li^t load the numerator and the denominator 
of expressions in the square brackets in dm and bm ap- 


PiG. 14 ^Haii- 
MONICS IN THE 

Line Current on 
THE A-C Side of a 
6-Phasb Recti¬ 
fier Obtained by 
Analyzing the 
Theoretical 
Current Wave 



proach zero. The indeterminate expressions can be 
ev^uated and the coefficients are formd to be the same 
as in equation (16) provided an allowance is made for 
the differrait position of the zero point (see Figs. 9 and 
13). 

Percentage values of the harmonics have been calcu¬ 
lated from equations (22) and (23) and are shown in 
Figs. 14 and 16. It can be shown by anal 3 rsis that for 
any given angle of overlap the percentage values of the 
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harmonics are the same for other 6-phase connections 
if the same assumptions are made as to the shape of 
tiiie current in each secondary phase. 

The current on the a-c side of the 12-phase rectifier 
can be analyzed in a similar manner. Fig. 16 shows the 
shape of the load-current curve for the 12-phase con¬ 
nection which reduces to Ihe curve of Fig. 12 at no-load. 
An analysis shows that for any given value of the angle 
of overlap the 11th, 13th, 23rd, 25th, etc., harmonics 
have the same percentage values as in the 6-phase 
rectifier with the same angle of overlap, and the 5th, 
7th, 17th, 19th, etc., harmonics are zero theoretically 
provided the angle of overlap for the different pairs of 
secondary windings is the same. The same result is 
obtained for other 12-phase connections. 



Fia. 16— Har¬ 
monics IN THR 
Line Current on 
THE A-C Side of a 
6-Pha8b Recti¬ 
fier Obtained bt 
Analyzing the 

ThEORET lOAL 
Current W avb 


The results of this analy^ are useful for making 
prdiminary estimates of the values of the harmonics 
of the current to be expected at any given load when the 
impedance of the transformer and the supply sj^em 
are known. The angle of overlap can be calculated by 
formula (7) and percentage vdues of the harmonics 
read from the curves of Figs. 14 and 15 (see discussion 
of test data below). 

Test Data on Harmonics in A-C Voltage and Current 
Table III gives the results of tests on the a-c supply 
of a 6-phase, 500-kw rectifier at approximately full load. 
The percentage values of current obtained from Figs. 
14 and 16 for the calculated overlap are also shovra. 


The discrepancy between the 6th and 7th harmonics 
obtained from the curves and those actually measured 
is considerable. For the higher harmonics the agree¬ 
ment is reasonably good. It also may be noted that if 
the theoretical no-load percentages for the harmonics 
were taken as applsdng to the full-load condition the 
results would be very much in error. 

The results of a similar set of tests and calculated 
values on a 12-phase rectifier are shown in Table IV. 
There is reasonable agreement between this test and 
calculated values of the 11th, 13th, 23rd and 26th 
harmonics at full load. At half load some differences 
occur. The theoretical values of the 5th, 7th, 17tii and 
19th harmonics are zero, as pointed out previously. 
Actually these harmonics are present and at full load 
their magnitudes approximately are one-fomth of the 
values for the corresponding harmonics in the 6-phase 
rectifier in Table III. 


TABLE in— TEST AKD OALOULATBD DATA FOB 6-PHASE, 
SOO-KW RBOTIPIEB AT APPBOXIMATBLY FUIiL LOAD 


Harmonic 

Theoretical 

no-load 

current 

% 

A-C voltage 
tinder load 
% 

A-C current 
under load 
% 

Theoretical 
current 
under load 
% 

6.... 

....20.0 ... 

.0.73. 

.6.5- 

.15.2 

7.... 

....14.3 ... 

.0.37. 

.5.2- 


11.... 

.... 9.1 ... 

.0.59. 

.2.8 .... 


18.... 

_ 7.7 ... 

.0.36. 

.1.85.... 


17..,. 

_ 5.9 ... 

.0.37. 

.0.82.... 

.1.2 

19.... 

.... 5.26... 

.0.26. 

.0.65..,. 


23.... 

_ 4.34... 

.0.16. 

.....0.30«... 


25.... 

.... 4.00... 

.0.13. 

.0.43.... 



It may be pointed out that although the percentage 
values of the harmonies in the current wave decrease 
with load, their actual values in amperes increase with 
load due to the increase in the fundameatal on which the 
percentage is based. 

Test values of the 11th, 13th, 23rd and 25th har¬ 
monies in the current on the a-c tide for several recti¬ 
fiers sire compared with the calculated values obtained 
by analyzing the theoretical current wave in Figs. 17 
to 20 inclusive. The percentage values of the har¬ 
monics are plotted against an arbitrary scale that is 
proportional either to the load current or the total 
impedance of the transformers and supply system when 
the other remains constant. This is based upon formula 
(7) which shows that'changing the impedance has the 


TABLE rv—TEST AND OALOULATBD DATA FOR 12 -PHASB, t,000-EW BBOTIPIEB 


Harmonic 

Theoretical 
no-load current 
% 


50% load 






100% load 



A-C voltage 
% 

A-c current 
% 

Theoretical current 
% 

A-c voltage 
% 


A-c current 
% 

Theoretical current 
% 

5. 



......0.25.......... 

...3.14_ 




.0.41... 





7. 



.0.37. 

...1.66 ... 


. 


....a.0.35... 





11. 

.......9.1 . 


.0.11. 

...2.34 ... 


...8.5 .. 


.0.12... 


.2.84.... 


...2.6 

13. 

.......7.7 . 


.0.08. 

...1.34 ... 


...2.1 .. 


.0.14... 


.1.43.... 


...1.6 

17. 



.0.24. 

...0.136... 


. 


_..0.23... 


.0.23 



19. 



.0.10. 

...0.106... 


. 


.0.05... 


.0.17 



23. 

.......4.34. 


. a. ...0.03.......... 

...0,45.... 


...0.76.. 


.0.02... 


.0.40.... 


...0.6 

25. 

.4.00.. 


.0.02. 

...0.36 ... 


..,0.6 ,. 


.0.02... 


.0.30.... 


...0.5 
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same effect upon the angle of overlap as changing the 
load. An angle of overlap of 20 degrees was taken as a 
convenient reference point and marked 100. The upper 
scale (which is not a uniform scale) shows the angles of 
overlap. If the angle of overlap for a particular load is 
known the point on the lower scale corresponding to 
that load can be found by referring to the upper scale. 
Since the lower scale is proportional to the load the 
point corresponding to any other load then can be foimd 
without having to calculate the angle of overlap. It 
may be noted that the calculated curves correspond 
approximately to the highest values of the harmonics 
in the current obtamed by test. Many of the test 
points are somewhat below the calculated curves so 
that in estimating the harmonics the curves may be 
taien as an upper limit. It is hoped that further studies 
will lead to methods for calculating the harmonics more 
closely for individual cases. 

Comparison of Current Wave Shapes of 6-Phase and 12- 
Phase Rectifiers 

In the 12-phase rectifier the 5th, 7th, 17th, 19th, etc., 
harmonics which should theoretically be zero actually 
are present in small amounts as noted with reference to 



Fig. 16—Cub- 
bent Wave Shape 
OP 12-Phase Rec- 
TiFZEB Under 
Load Corre¬ 
sponding TO THE 
No-Load Wave 
Shape on Fig. 12 


Table IV. These harmonics are due to various causes 
such as the presence of the corresponding harmonics in 
the a-c supply system, difference in exciting currents of 
transformers and interphase transformers, or any con¬ 
dition that may give rise to unequal division .of load 
between two groups of 6 phases. Table V shows the 
average percehtage values of harmonies in the a-c 

TABLE V—COMPARISON OP WAVE SHAPES OP THE CURRENT 
ON THE A-0 SIDE OP 6-PHASB RECTIFIERS AND 12-PHASB 
RECTIFIERS 


6-phase rectifier 12-phase rectifier 


Harmonic 

Theorotical 
no-load value* 
per cent 

Average 
test value 
with load 
per cent 

Theoretical 
no-load 
value!* 
per cent 

Average 
test value 
with load 
per cent 

. 1.;.. 

...100.0 . 

...100.0. 

-100.0. 

-100.0 

6.... 

. .. 20.0. 

... 10.0. 

.... 0.0 . 

- 2.4 

7.... 

... 14.3 . 

... 6.0. 

- 0.0. 

- 1.2 

11.... 

... 9.1 . 

... 3.7. 

- 9.1. 

- 3.6 

13.... 

... 7.7. 

... 2.6. 

.. . 7 7 

9 A 

17.... 

... 5.9. 

... 1.4. 

. 0.00. 

.... ^ . O 

- 0.5 

19.... 

... 6.26. 

_ 1.0. 

.... n on 

n A 

23.... 

... 4.34. 

... 0,7. 

- 4.34. 

. . .. u,^ 

_ 0.6 

26. 

.... 4.00. 

... 0.6. 

- 4.00. 

.... 0.6 


♦These values apply to flat-topped waves (see discussion of Theoretical 
WfUfe Shape of the Current at Light Load ). 


supply for several 12-phase rectifiers that have beai 
tested. Average values for 6-phase rectifiers are shown 
in the table for comparison. It may be noted that the 
percentage values of the 11th, 13th, 23rd and 25th 
harmonics practically are the same for either 6- or 12- 
phase operation. The percentage values of the 5th, 
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Pig. 17— 11th Harmonic in the Line Current on the A-C 
Side of Bectifiebs 


7th, 17th and 19th harmonic currents approximately are 
one-fourth of the corresponding values for the 6-phase 
rectifier. 

Effect of Rectifier Upon the Wave Shape of the Voltage on 
the A-C Supply Line 

It has been shown in the preceding discussion that 
the ci^nt supplied to a rectifier from an a-c system 
contains higher harmonics. These harmonic cvurents 
flowing in the impedance of the supply system produce 
harmonic voltages which distort the voltage on the line 
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Pig. 18—13th Harmonic in the Line Current on the A-C 
Side of Beotifiers 


supplying the rectifier. When the rectifier is supplied 
from a power system of large capacity compared with 
the rectifier and the impedance of the connecting circuit 
is low the distortion of the a-c voltage is small. When 
the rectifier is supplied from a system that has a fairly 
high impedance the voltage on the a-c supply line is 
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distorted even though the no-load voltage of the supply 
genffl:ator is a fairly good sine wave. From a knowledge 
of the harmonic currents obtained from the curves and 
the impedance of the system the magnitudes of the 
harmonic voltages can be estimated for 6-phase or 12- 
phase operation for any given case. In using the curves 
in Figs. 17 to 20 for making these estimates the im¬ 
pedance of the system at the harmonic frequency under 
consideration should be used. 

The tests in Tables III and IV show an example of 
rectifiers operated on low-impedance systems. The 
harmonic voltages on the a-c side with the rectifier 
operating at normal load are comparable in magnitude 
with those normally present in the system, showing that 
the distortion due to the rectifier was smaU. 

The test in Table VI shows an mcample of a 12-phase 
rectifier operated on a generator wWch had a high 
impedance. In that test the harmonic voltages on the 
a-c side with normal load on the rectifier (except the 5th 
harmonic) were large compared with the harmonic 
voltages in the wave shape of the generator at no-load. 
It may be noted that the 11th, 13th, 23rd and 25th 
harmonics are larger than the others as would be ex¬ 
pected with 12-phase operation. 

Methods of Modifying the Current and VoUage Wave 
Shapes on the A-C Side 

The wave shape of the current supplied to a 6-phase 
rectifier or a 12-phase rect fier from the a-c supply sys¬ 
tem can be modified by adding apparatus on the a-c 
side. One scheme is to provide a local circuit in which 
the higher harmonic currents that are required by the 
rectifier in its normal operation can flow. Reactance 
then may be added in the supply lines to prevent the 
higher harmonic currents from flowing in the supply 
system, but the reactance used must not exceed the 
amount that is permissible for normal operation of the 
rectifier. The apparatus generally is called a filter. 


TAMLE! VI—TEST DATA ON X2-PHASE. 1.000-KW BBOTIPIBB 
SUPPLIED PBOM 2,000-ICW AbTEBNATOE 



A»c voltage 

A-c voltago 

A-C current 


rcctlfler 

full-load 

full load 


not operating 

on roctifler 

on rectifier 

Harmonic 

% 

% 

% 

r> . 

.2.48. 

.. 1.62,. 

.0.72 

7. 

.0.79. 

. 2.06.. 

...0.27 

11. 

.0.18. 

.10.76., 

..1.07 

13. 

.0.10. 

. 7.02,, 

.0.39 

17. 

.0.07. 

. 0.99., 

.0.03 

10. 

.0.06. 

. 0.64.. 

.0.04 

23. 

.0.02. 

. 3.19.. 

.0.10 

2,*5. 

.0,02. 

. 2.89.. 

.0.06 


given arrangement can be made along the lines briefly 
discussed in connection with the d-c voltage although 
the computations generally are more complicated. 

When the rectifier is supplied from a S-phase power 
system the filter must be 3-phase so that 3 series re¬ 
actors and 3 shunt elements are necessary. The pre¬ 
vious discussion also shows that for each harmonic on 
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RELATIVE LOAD OR IMPEDANCE SCALE 

19—23iu> Harmonic in the Line Current on the A-C 
Side of Rectifiers 


the d-c side there are 2 corresponding harmonics on the 
a-c side—^for instance, the 5th and 7th on the a-c side 
correspond to the 6th on the d-c side. Thus if the 
resonant shunt type of filter is used, for each shunt on 
the d-c side a total of six is required on the a-c side. 
This makes the apparatus for modifying the a-c wave 
shape more expensive and more bulky than that re¬ 
quired for a given modification on the d-c side. 

Another method of modifying the wave shape in 
theory would be to use an increased number of phases. 
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Side op Rectifiers 


The shunt element may correspond to the resonant 
shunts that are used for modifying the wave shape on 
the d-c side, discussed previously. There are other 
types of shunt elements that can be used, depending 
upon the frequencies of the harmonics that are to be 
reduced and the reduction desired. The calculation of 
the reduction in the harmonics in the current for any 


At the present time it has not been foimd practicable to 
use more than 12 phases, and it hardly seems desirable 
to attempt to increase this number until the causes of 
the presence of harmonics which should be eliminated 
by such a connection can be controlled more thoroughly. 

The authors desire to acknowledge the assistance of 
Mr. C. W. Frick in the preparation of this paper. 
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Discussion 


P« W* Blyes The wave shape distortion in the alternating- 
current and direct-current systems associated with a mercury are 
power rectifier, discussed in the paper by Messrs. Brown and 
Smith, presents interesting problems from the standpoint of 
inductive coordination with exposed telephone circuits. The in¬ 
crease use of the rectifier in connection with d-c railway systems 
and its further application in high-powered radio broadcasting 
stations have made these problems of increasing importance to 
the telephone companies. 

Several of the earlier rectifier installations on street railway 
systems resulted in severe noise interference on telephone circuits 
exposed to the d-c trolley and feeder systems involved. This 
interference was due t 9 the even harmonics in the rectifier output 
ctouit described in the Brown-Smith paper. As a result of the 
joint efforts of the electrical manufacturers and the telephone 
companies, filters were developed which have proved effective 
as a means of suppressing these disturbing harmonic components 
and permitting satisfactory coordination with exposed telephone 
circuits. These filters are now quite generally used where inter¬ 
ference from the d-c circuits occurs. 

ito, general, the problem involving wave shape distortion in the 
^ supply circuit to a rectifier appears to be more diflloult. 
Except in the case of the smaller rectifiers the use of filters has 
not, up to the present time, been found practicable due chiefly 
to the larger number of harmonies present and the greater 
niagmtudes of these harmonics as compared to those in the d-c 
output circuit. In one case, however, involving a rectifier of 
approximately 200 kw associated with a 60-kw broadcasting 
station, a filter wm provided in the 2,300-volt arc supply circuit 
oonsistmg of an inductance of approximately 13 mh in each 
p^ wire and a delta-connected bank of shunt capacitors of 
15-/tf each. This filter provided a practicable and successful 

meaM of improving waveshape conditions on the a-c supnlv 
circuit. ^ 


The importance of the rectifier wave-shape problem has been 
recogmzed by tiie Joint Subcommittee on Development and 


Research of the N.E.L.A.1 and the Bell Telephone System and 
its Project Committee on wave shape has recently presented a 
Technical Report on the subject. This report presents an em¬ 
pirical method of computing the harmonic voltages and currents 
to be expected from a rectifier and discusses various other phases 
of the problem including remedial measures applicable in the 
power system. 

As brought out in the paper by Messrs. Brown and Smitli, 
the voltage wave-shape distortion on the supply circuit is pro¬ 
portional to the product of the harmonic currents resulting from 
the rectifier operation and the impedance of the supply system at 
harmonic frequencies as looked at from the rectifier. Where a 
rectifier is supplied directly from a relatively largo source of 
power the impedance of this source at harmonic frequencie,s 
would be expected to be relatively small and the voltage distor¬ 
tion would, therefore, be expected to be unimportant. In this 
case, however, considerable distortion of the current wave-fonir 
would bo expected on the feeder supplying tlie rectifier. Where 
a rectifier forms an appreciable part of the load on a system or 
where it is supplied over a fairly long circuit or at a comparatively 
low voltage, the voltage wave-shape distortion, particularly on 
the supply feeder, may be considerable. Purtliermorcs this 
wave-shape distortion may not be confined to the particular 
feeder from which the rectifier is supplied, but under certain con¬ 
ditions may extend over a considerable portion of tlie sui)j>ly 
system. 

In studjdng possible effects of a proposed rectifier installation 
on supply system wave shape, it is, of course, very imijortant 
that a method be available for estimating the magnitudes oi’ the 
harmonic voltages and currents to be expected. The niotliod 
suggested by Messrs. Brown and Smith should prove useful as a 
means of computing the approximate magnitudes of these 
harmonics. 

It is noted that the method proposed by the authors for esti¬ 
mating harmonic currents makes use of the system impedance at 
fundamental frequency only. This apparently is based on tlie 
assumption that the sum of the transformer and system im¬ 
pedances is a simple inductive reactance and that the impedaneo 
at any harmonic frequency is, therefore, directly proportional to 
that at the fundamental frequency. The writer’s experience, 
based on a number of field cases, indicates that the harmonic 
impedance, which is a combination of inductive and capacitive 
reactances, may bear no direct relation to the fundamental fre¬ 
quency impedance. At the important harmonic frequencies the 
system reactance frequently is capacitive and in several cases 
series or parallel resonant points have occurred at or near these 
important frequencies. In such cases, the magnitudes of the 
important harmonic currents from a rectifier may considerably 
1^ modified.^ For example, at or near points of parallel resonance 
the harmonic currents are comparatively small. For points of 
series resonance between the transformer and the system, how¬ 
ever, the cuirents are relatively large approaching the theoretical 
values obtaining in the ideal ease of no supply system reactance. 
In such oases it would appear that the accuracy of the method 
proposed by Messrs. Brown and Smith would bo considerably 
poorer th^ in cases in which the supply system impedance is a 
simple mductive reactance. 

^*»odradi The writer compares equations (2), (5), and 
(6) m the paper by Messrs. Brown and Smith with the corros- 
pontog equations on pages 90 and 91 of the book, “Mercury 
Arc Power Rectifiers,” to which reference is made in the biblio- 

^aphy appended to the pajier. The corresponding equations in 
the book are 
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electric light md power Industry is being 
^ endeavor under the auspices of the Edison Electric 
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Apn 


E,io 

r sin {np + 1) a 

2 

L np H- 1 

Fuo 

r cos (np + 1) tt 

2 

L np -f- 1 


sin (np -- l)u *1 
np — 1 J 

cos (np -- 1) "I Edo 

Wp —' 1 J „ 1 


Disregarding the differences in the symbols, equations (2), 
(5), and (6) in the paper differ from the foregoing equations in 
that they have an added factor, cos imr. The effect of this factor 
is to multiply the expressions for the odd harmonics by - 1, and 
the expressions for the oven liarmonics by -f 1. It should be 
pointed out that the equations in the paper and the corresponding 
equations in the book give identical results. The apparent dis¬ 
crepancy is duo to the fact that the equations in the book were 
derived \ising the point of intersection of 2 consecutive sine 
waves as the reference point (see Pig. 37 of the book), while in 
the iJapor the maximum point of the sine wave was used as the 
reference point (see Pig. 2). 

The effect of sliifting the reference point on the expression for 
the harmonies can readily be seen from Pig. 1 of this discussion 
showing several sine waves of harmonics. These sine waves do 
not represent the actual harmonics in the rectifier voltage wave; 
they are used merely for illustraftion. If 0 is used as the origin, 
the sine waves are expressed by sin 6, a 2 sin 20 , aasinS^, 
04 sin 40. If (y is used as the origin, the expressions for the same 
sine waves are, — ai sin 0, m sin 20. — as sin 30, ai sin 40. The 
expressions for the odd harmonics have to be multiplied by — 1, 
since the negatives half cycle of these harmonics starts at O'. 



In discussing the effect of harmonics in the a-c supply voltage 
on the wave shape of the d-c voltage of the rectifier, the authors 
have brought out that the presence of a 5th or 7th harmonic in 
the a-o supply voltage introduces a 6th harmonic into the d-c 
voltage of a 12-phase rectifier, this is due to the difference of the 
phase position of these harmonics in relation to the phase voltages 
of the two 6-phase groups that make up the 12-phase system, and 
which are displaced from each other by 30 electrical degrees. It 
should be mentioned here that the presence of these harmonics 
also may produce unequal d-c voltages from the two 6-phase 
groups, with the result that one of the 6-phase groups comprising 
the 12-phase system, and the anodes connected to that group, 
will take more current than the other 6-phase group. Such cur¬ 
rent unbalance would produce saturation in the core of the inter¬ 
phase transformer connected between the 2 groups. It would be 
interesting to know what experience the authors had in connec¬ 
tion with this effect of harmonics in the a-c supply voltage on a 
12-phase rectifier system. 

H- E. Kent* Wave shape distortion associated with the opera¬ 
tion of mercury arc rectifiers, discussed in the paper by Messrs. 
Brown and Smith, is of particular interest in the coordination of 
power and telephone circuits as regards noise induction. The 
Joint Subcommittee on Development and Research of the 
N*E.L.A. and Bell System has been working on the general 
problem of coordination for the past 10 years and recently has 


devoted considerable attention to the effects of rectifiers. Par¬ 
ticular study has been given to the wave-shape distortion on the 
a-c supply system as recent cases involving noise induction have 
been more concerned with the a-c side than with the d-c side. 

In the problem of noise induction, the power system wave 
shape is only one of several significant factors. Among other 
factors of importance are the balance to ground of the power 
lines, the coupling between the power and telephone circuits, and 
the type and balance of the telephone circuits. These were dis¬ 
cussed in a paper by Messrs. Wills and Blackwell, entitled Status 
of Joint Development and Research on Noise Frequency Induction, 
presented as Part II of the Symposium on Coordination of 
Power and Telephone Plant at the January 1931 Winter Con¬ 
vention, (A.I.E.E. Trans., June 1931, p. 448). More detailed 
quantitative discussions of certain of these factors are contained 
in various Engineering Reports of the Joint Subcommittee on 
Development and Research. 

A brief description of a recent case of noise induction involving 
a rectifier may serve to illustrate the bearing of factors other 
than wave-shape distortion on this problem. In this particular 
situation, 2 rectifiers, each of 1,000-kw capacity, were installed to 
supply power to a 600-volt d-c street railway system. No in¬ 
ductive coordination difficulties resulted from the operation of 
rectifier No. 1. About a year later rectifier No. 2, identical with 
No. 1, was installed and considerable telephone noise trouble was 
encountered. Both rectifiers were supplied from the same 
generating station, of about 100,000-kva capacity, rectifier No. 1 
over 3 miles of 13-kv cable, and rectifier No. 2 over 3 miles of 
13-kv overhead line. Because of the lower impedance of the 
cable circuit as compared to that of the overhead line, the volt¬ 
age wave-shape distortion at rectifier No. 1 was 25 per cent less 
than that at rectifier No. 2. However, this difference was not 
sufficient materially to affect the problem. 

In neither case were there any telephone circuits exposed to the 
power circuits between the rectifier and the generating station. 
The 13-kv circuit feeding rectifier No. 1 also supplied power at 
that point to several 4-kv distribution circuits serving that por¬ 
tion of the city. This was a closely built up area and all tele¬ 
phone circuits exposed to the power distribution system were in 
cable. 

The 13-kv circuit feeding rectifier No. 2 continued 5 miles 
beyond the rectifier substation to a distribution substation where 
the voltage was transformed to 11 kv to serve a fairly extensive 
3-phase 4-wire system in a suburban area. The wave-shape 
distortion resulting from the operation of the rectifier was trans¬ 
mitted without appreciable change to this distribution system. 
The nature of the power loads was such that it was feasible to 
use several fairly long single-phase extensions. A considerable 
portion of the telephone circuits in this area was in open wire, 
and tree conditions were such that in a number of oases the power 
and telephone circuits were in comparatively close proximity. As 
a result of the combined effect of higher distribution system 
voltage, power circuit unbalance to ground introduced by single¬ 
phase extensions, greater coupling, and greater susceptibility of 
telephone circuits in open wire, considerable noise induction 
was experienced in the suburban area while no difficulty was 
encountered in the city area affected by the operation of rectifier 
No. 1. 

As is implied in the above, wave-shape distortion is not reduced 
appreciably in transformation from one voltage to another. This 
is important in another type of problem where a rectifier is sup¬ 
plied from a high voltage transmission line. If the capacity of 
the rectifier and the system impedance at harmonic frequencies 
are such that wave-shape distortion is caused, this distortion 
can be transformed to any lower voltage distribution system 
supplied from the transmission line. There have been some oases 
of this character where the wave-shape distortion on the distri¬ 
bution circuits has been considerably more important.than that 
on the transmission circuit feeding the rectifier. This was be- 
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cause the distribution circuits had a greater coupling with the 
telephone circuits as a result of joint construction, and because 
they involved a considerably larger amount of exposure with 
telephone circuits than was the ease with the transmission circuit. 

The information presented in the paper by Messrs, Brown and 
Smith should be of assistance in making estimates of the effects 
of rectifiers on wave shape previous to actual installation. Such 
advance consideration of possible inductive coordination re- 
^tions may be particularly advantageous where there is a choice 
in the method of feeding the rectifier. 

J* J. Smith: Messrs. P. W. Blye and H. E. Kent refer to the 
importance of the study of wave shapes in the coordination of 
power and communication systems. On account of space the 
paper was limited to a discussion of the wave shape. The authors 
have been in contact with a considerable amount of the work 
which both discussors have done in this type of coordination 
problem. The formula which they have developed and the 
methods they have used give good results in the study of such 
cases. It is hoped that at some future date they will present the 
of their work in a paper before the Institute. 

^!With reference to Mr. Blye’s point as to the proper impedance 
to use, we have found that in cases where system impedance 
is a non-inductive reactance the best results for any particular 
harmonic are obtained by taking the impedance of the system 
^d trausformer at the frequency of that harmonic and reducing 
it to the fundamental frequency. The equivalent impedance thus 
obtained should then be used in the curves. This point is not 


made clear in the paper. It is not based directly upon the 
analysis of the various waves given, but it has been found that 
it gave the best approximation in a number of instances. 

We have calculated a number of individual cases both by 
the method given in the paper and by the method developed by 
the Project Committee of the Bell Telephone System and the 
Edison Electric Institute. The agreement between the two 
methods is reasonably good and also gives good approximation 
to the measurements obtained on actual installations. 

Mr. H. Winograd poipts out the difference between phase 
angles of the harmonics in the d-c voltage wave given in equa¬ 
tions (2), (5), and (6) of the paper and those in the book en¬ 
titled “Mercury Arc Power Rectifiers” by Marti and Winograd. 
There does not seem to be unanimity in the literature with 
refeironce to the zero point whi^ph should be chosen for such 
rectifier waves. It would materially simplify comparison of 
analyses by various authors if a preferred reference point could 
be agreed upon. 

The effect of the 6th or 7th harmonic on the 12-phase rectifier 
introducing a 6th harmonic in the d-c voltage wave shape img 
been referred to in the paper. It also has been pointed out that 
due to various causes unbalances may also arise between 6-phase 
groups. These unbalances have been studied to determine 
whether their magnitude can be reduced but the authors have 
not attempted to separate the unbalances which may be due to 
the effects of harmonics on the a-c voltage from those due to 
other causes. 
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The Stability Problem 

T he electric arc is used in welding as a convenient 
means for heating portions of materials which are 
to be fused, melting the material used for the fusing 
process, and transferring this material to the weld. It 
is essential that the progress of these three fimctions 
be continuous. Consequently, the rate of heat produc¬ 
tion at the two terminals of the arc should not be sub¬ 
ject to wide variation. This means that the current, 
and the voltage drops at the anode and cathode of the 
arc should remain substantially constant during weld¬ 
ing. By “stability” as applied to the welding arc, it is 
desirable therefore to understand not only that the arc 
should not become extinguished when subjected to 
various external influences, but also that its current and 
anode and cathode drops should reasonably be constant. 

The d-c welding generator as designed and con¬ 
structed to supply welding power for a single operator, 
makes use of a compound field or its equivalent in order 
that the terminal voltage can be made to fall with in¬ 
creasing current, but without incurring the losses inci¬ 
dental to the use of series resistance for this purpose. 
On account of the transient interaction of the two fields 
however, it has been difficult to build such generators 
so that the arc to which they supply power is as stable 
as with a simple generator and resistance. The problem 
of the design of a suitable welding generator therefore 
becomes one of achieving arc stability with a compound 
field which is equal to the stability obtained with the 
simple generator. To this end studies have been made 
of the transients peculiar to compounded machinesS but 
not with sufficient consideration of the properties of the 
arc itself. A description of the physical ways in which 
the arc becomes unstable does, however, lead to a satis¬ 
factory criterion for designing and testing welding 
generators that make possible a suitably stable are. 

Nature op the Welding Arc 

The potential drop across the arc is divided into three 
parts: that across the cathode region, tha,t across the 
positive column, and that across the anode region. At 
the cathode, primary electrons must be supplied in 
number sufficient, together with the positive ions also 
formed in the cathode region, to carry the total current. 
Two types of cathodes are recognized; the thermionic 
cathode from which electrons are emitted by virtue of 
high temperature of the cathode materialj and the cold 
cathode in the region of which a sufficient number of 
electrons are emitted by virtue of high temperature of 

♦Wostinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 

1. For references see bibliography. 
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the cathode material, and the cold cathode in the region 
of which a sufficient number of electrons aife produced 
without high cathode temperature. For the welding 
arc, it is often tacitly assumed* that the cathode is 
thermionic. In the case where bare iron electrodes are 
used for wdding, however, there is good evidence that 
the cathode is of the cold t 3 q)e. The existence of a non- 
thermionic cathode in a high current arc has been 
demonstrated in many cases,* .so that the possibility of 
such a cathode for the iron arc must be admitted. 

Doane* indicates by calculations based on a heat 
balance at the cathode, that the energy input to the 
cathode is insufficient to vaporize all the material lost 
during the welding process. The temperature of the 
cathode must, therefore, be considerably lower than the 
boiling point of iron—or lower than 2,450 deg C. At 
this temperature, the thermionic emission from iron 
oxide, computed from* 

i ^ 

where A = 1.16 X 10~* 

and V - 4.44 X 10* 

is 0.0072 A/cm*, a value much too small to carry ob¬ 
served welding currents. Iron being less active thermi- 
onically than its oxide would provide a still smaller 
current at 2,450 deg. 

Mechanism op Instability 

In the case of the thermionic cathode arc, instability 
resulting from increases in the cathode drop is very un¬ 
likely because the time required for appreciable cooling 
and loss of emissivity of the hot cathode probably is long 
compared with the duration of transient external dis¬ 
turbing influences. In the case of the cold cathode arc, 
however, an appreciable momentary inCTease in the 
cathode fall of potential, or in general, instability of the 
cathode which may amount to actual loss of the cathode 
spot, is certainly conceivable. 

On the basis of Langmuir’s theory of the cathode of 
an are, the electron emission from the cathode is effected 
by an intense electric field (of the ordar of 10* volts per 
cm) in the region near the cathode. This field is set up 
by a positive ion space charge in this region of very 
small dimensions and close to the cathode. (For a 
cathode drop of 10 volts, the depth of space charge is 
of the order of 10~* cm.) Any suitable disturbing in¬ 
fluence of time duration comparable with that required 
for these ions to move, under impressed potential, this 
short distance to the cathode, will alter this space charge 
and reqtiire a greatly increased cathode drop to re-form 
it. Work by Attwood, Dow and Krausnick* on the re¬ 
ignition of a-c arcs indicates that a cathode spot may be 
lost in a few microseconds. 
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However, in the d-c circuit in the case of loss of 
cathode spot and consequent fall of current, a voltage 
appears across the arc space which in practical circuits 
will be of considerable magnitude, being larger the more 
sudden the^decrease of current. Theoretical considera¬ 
tions indicate that under these conditions, with a poten¬ 
tial applied between two electrodes in an ionized space, 
an ion current flows, which under certain conditions, 
will change over into an arc. The probability of such 
a “backfire” in case of the loss of a cathode spot is 
quite high, due to the magnitude of the suddenly im- 
pr^d voltage and the short time allowed for diffusion 
of ions out of the arc space. Consequently a complete 
loss of the cathode spot and arc extinction would appear 
doubtful. 

A second possible cause of instability in the arc is 
the increase of drop across the positive column. The 
positive column energy loss in an arc in a monatomic 
gas is due principally to the diffusion of ions to the cooler 
regions of the discharge, or to walfs', with resulting 
recombination and dissipation of energy equal to that 
required to ionize. To compensate for these ions lost 
from the discharge, ionizing processes must be set up, 
and thus a deSmte potential gradient appears in the 
space. This loss of energy is dependent upon the area 
on tile bounding walls of the discharge and may be 
varied by changing the length or diameter of the dis¬ 
charge, or by introducing cool im-ionized gas into the 
arc spa^, which cools the arc and provides centers for 
recombination of ions. In a molecular gas these same 
processes occur, but in addition, disassociation as sug¬ 
gested by Alexander,* may be of importance. It con¬ 
sists in the loss of energy from the arc core by molecu¬ 
lar dissociation and the subsequent diffusion away 
from the core of the arc of the resulting atoms and their 
later recombination outside the high temperature region 
of the arc. 

In the positive column, the changes in ion density are, 
among other factors, due to diffusion which is a rda- 
tivdy slow process, especially when the dimensions are 
large and the gas pressure high. Thus, unless a very 
high degree of turbulence of the gas is had so that the 
arc is broken up into filamentary conductors inter¬ 
spaced by regions of cool un-ionized gas, (a condition not 
found in the welding arc), the time required for changes 
in positive column drop will be large. Experimentally, 
iristability resulting from loss of the cathode may be 
distini^shed from positive column disturbances by 
observing the rate of current decrease using an arc in a 
proper circuit. 

Experimental Observations 

A test circuit was used which consisted of a 26-kw 
150-volt d-c generator having a water rheostat and an 
arc connected in series. A 600/if condenser was shimted 
acnross the terminals of the generator. Its purpose was 
to permit a very rapid decrease in arc current without 
the appearance of an excessive voltage across the arc 


such as would result if an ordinary inductive circuit 
were used. With the condenser present, only twice the 
open circuit generator voltage ever is possible across the 
arc. Calculation shows that if the current in the arc is 
stopped suddenly the voltage across it is 

where 

E = generator voltage 
R = load resistance 
L = generator inductance 
C = series capacitance 
TF= 1/VLC = 1,400 

An arc about 1 cm long between an iron electrode and 
an iron plate was ignited by separating its electrodes. 
The current was 50 amperes and the open circuit poten¬ 
tial 100 volts. The arc would go out usually in one or 
two seconds. 

Both the cathode ray oscillograph and magnetic 
osciUograph were used to record the voltage and cmrent 
of the arc during extinction. Seventeen tests were made 
and in no case did the arc current decrease to zero in 
tens of nucroseconds as would be expected if the cathode 
spot vanished and so “backfire” occurred. The results 
are summarized in Table I. Three tests were made with 
a tungsten cathode (which is thermionic) and gave 
exactly similar results. Loss of the cathode spot is 
very improbable in this case. 


TABliX I 


Eilm No. 

Time of current 
decrease sec x 10 

Method of 
starting 

1.... 

.6.0. 


2.... 

3.... 

.6.0. ;; 

... drawing 

4.... 

.8.0 . 


6.... 

6.... 

.7.0 .. . 

.0.8 . 

.. .drawing 

7.... 

.0.4 . 

f^o 

8. 

.2.0 . 


9. 

.8.0 ...._ 

« f • lUoU 

« • • f U80 

10. 



11. 

.......2.0 . 

fllCIA 

12. 

.8.0 ...! 

• • • X UpU 

• • • fU80 

13. 

.0.25.. . 

...fuse 

14. 

.4.0 ... 

f * • fuso 

15. 

.6.0 _ 

'Pupa 

16. 

.6.0.! 

e • ♦ iUo0 

17. 

.0.2 .!!! 

• « « XUpU 

...fuse 


^ In oscillograms of arc voltage obtained during weld¬ 
ing with iron electrodes (Pig. 1), pulsations of high fre- 
qu^cy and small magnitude are always observed. In 
oscillop’ams obtained with a tungsten cathode these 
pulsations are absent entirely which suggests that they 
have their origin at the cathode. This was confirmed by 
pl^ng a thm copper plate with a hole in it near the 
rathode and using the plate as a probe. With an iron 
electrode ^ cathode the same high frequency pulsations 
were obtained with an oscillograph element connected 
between cathode and probe as with another element be¬ 
tween cathode and anode, which shows definitely that 
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these pulsations have their origin at the cathode region. 
They do not, however, appreciably influence the sta¬ 
bility of the are. 

When using such a probe several oscillograms were 
obtained when the arc went out. An absence of any 
rise in potential between probe and cathode during this 
time again indicates that the instability is not being 
caused by loss of the cathode spot. 

Thus it appears that the cause of instability in the 
welding arc is an increase in its potential drop due to an 
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The voltage across the terminals of the arc is a func¬ 
tion of the current through it. The equations (1) are 
of interest for cxurents near to the welding currents, that 
is, only over a small range and the arc voltampere 
characteristic during steady-state conditions, over this 
range, is practically a straight line of the form A — B%. 
The transient arc characteristic differs from this straight 
line, however. For decreasing currents the difference in 
arc voltage between the steady state and transient 
values is a constant times the rate of change of current. 
This is what is meant by the statement that an arc has 
“inductance.” Therefore for Ca the expression 

di 

Ba = A - Bi + La (3) 

may be used, in which La is the are inductance. 

If L is defined as L‘ H- La then equation (1) becomes 
dii di di 

ku-ki=^-M-^+M-^j +L~^+A-Bi (4) 


E = Rii + M 


di \ 

dt 


M 


di 

dt 


H- Lp 


di] 

dt 


If these equations are solved, the resultant equation 
in 4 only is 


dH / AiLp — BLii — BM -|- RL -1- RM \ di 

W V llTVmlTmu /H 


increase in losses from the positive column, or possibly 
an increased cathode fall of potential which does not 
however amount to an actual loss of the essential 
cathode phenomenon. So far as external observations 
are concerned, instability producing disturbances are 
indistinguishable from simple lengthening of the arc at 
an equivalent rate and hence for purposes of mathe¬ 
matical analysis, simple lengthening may be assumed as 
the disturbing influence. 

Stability Criteria 

A typical welding generator circuit is shown in Fig. 2. 
In this circuit let Lp be the inductance of the field cir¬ 
cuit including the leakage inductance of the generator 
field, and let L‘ be the total inductance of the armature 
circuit. Then these two equations express the voltage 
relationship in the two circuits. 

dii di di 

dii ^ di ^ dii 

( 1 ) 

The generated voltage V may be expressed as a constant 
k times the algebraic sum of the field currents if the 
machine operates at constant speed, and saturation is 
neglected. 

Thus 

( 2 ) 


+ 


kR — BR 


LLp + ML + ML 


- )i 

p ' 


kE-AR 

(LLp -f ML MLs) 
(5) 



_I;_ 

Pia. 2 —^Wbldino Gbnbbatoe Cikcuit 


The steady-state value of i, obtained by letting the 
derivatives of i be zero in (5) is 

, kE - AR 
^ kR-BR 

The first criterion for stability of the welding arc is 
obtained from the steady-state condition, and is that I 
as expressed by (6) must be positive. This is equivalent 
to stating that the circuit voltampere characteristic 
and the arc characteristic must intersect at steady state. 


y = fc (4i - i) 
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Equation (5) may be rewritten in the form 
dH di 

-^+2a-^+0-S ( 7 ) 

The two roots of this equation are 

D = - a± V a* - ^ (8) 

or 

jDi = — a + £i) where w = V a® — 

Di = — oi — o> 
if 

This condition usually is fulfilled in practise. Conse¬ 
quently the solution of (7) is 

i = +1 (9) 

in which P and Q are arbitrary constants. 

In order that the arc be stable during transient con¬ 
ditions the terms involving P and Q must vanidx after 
a sufiident time, which means that (— a -f w) and 
(—a— w) must both be negative numbers. This will 
be the ease of both 2a and |8* are positive numbers. Now 


during welding, what is the maximum B of the arc for 
which the generator must be designed? To answer, the 
physical cause of instability in the arc must be under¬ 
stood. 

It was found in the foregoing that simple lengthen¬ 
ing could be taken as the disturbance to the arc causing 
it to become rmstable, since other possible disturbances 
would act in the same way. Suppose then, that the arc 
suddenly is lengthened from a normal value to some 
limiting value. In Fig. 3 for example, let the normal 
arc of 7 mm length be given by the curve A, and the 
lengthened arc (20 mm) be represented by AK These 
arc characteristics are plotted from the equation of an 
arc between iron dectrodes given by Seeliger:^ 

9.4 -1- 161 

y = 15.6 -h 2.61 -1--Y- (11) 

where 1 = length in mm. The steady-state circuit 
characteristic in this figure is for a machine having an 
open circuit voltage of 75 volts. (Saturation neglected.) 


kR — BR 

For jS* to be positive, k must be greats* than B. This 
condition, togethw with the condition that I be posi¬ 
tive (equation 6) constitute the stability condition for 
a simple inductive circuit. These conditions are that 
the circuit and arc characteristics intersect and tViaf 
the circuit voltampere characteristic have the greater 
slope at the point of intersection. Thus in Fig. 3 the 
arc will be stable when using a simple generator and 
r^istance if its characteristic A lies as shown in rela¬ 
tion to the circuit characteristic C. It will however, be 
unstable if A passes beyond the limiting curve A^. 
When using a compound field machine, the arc can and 
does become unstable even though this condition of 
intersection and slope of that static characteristic is 
fdfilled. Satisfactory welding can easily be accom¬ 
plished when this lumtation as to stability is the only 
one imposed; that is, if a series resistance is used rather 
than a compound field. 

A new and important criterion for stability results 
from the condition that 2a: must be positive. Thus 

2 _ kL^ BLijf — BM -f- RL -j- RM 

XrZ/p -(- ML -)- MLt 

and (kL^ -f RL + RM) must be greater than 
(BI^ -f BM). If the numerator of the expression for 
2a: is equated to zero, then 

„ L^k+MR+ RL 

®- lTTm - ('») 

This equation means tiiat for a generator having given 
vdues of the constants on the right hand side the arc 
will be stable if the B thus calculated is greater the 

slope of the arc characteristic, when the latter is de¬ 
termined properly. In other words the generator is good 
for a of this calculated value. The question is then. 



AMPERES 

Fia. 3—CmcuiT and Abo Chaeactbbistic Cttbybb 

As a result of this sudden lengthening the voltage across 
the arc must as suddenly inoease from the value Vi 
to the value V 2 . The circuit, however, cannot maintain 
the required voltage y 2 at the current J, so the current 
must decrease. The voltage across the arc will not be 
given by the curve A^, during the current decrease 
because of the arc inductance, so it follows a curve flatter 
than the curve A’’. Actually the dynamic curve will 
have a poritive slope unless the arc current decreases 
very slowly. In Fig. 4, a static and d3mamic curve are 
plotted for an iron are about 10 mm long. The current 
was called to decrease in the arc by slowly opening a 
smtch in series. The time for the current to decrease 
to zero was 0.02 seconds. 

As a limit, one may arbitrarily assume that the dy¬ 
namic curve corresponding to A* is given by the dotted 
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straight line tangent to at the point corresponding to 
I. The slope B of the arc characteristic will then be at 
first very large until the voltage becomes Va, and will 
then be the slope of A‘ at the point corresponding to I. 
The average slope from I to zero then is the slope of the 
line dx-awn from I on the curve A to Vo, which in this 
case is 0.2. It is convenient to express B as a per cent 
of the slope of the circuit characteristic k. Thus 

B 

- 66 per cent 

A special case of lengthening of the are must be con¬ 
sidered. During welding, drops biidge from anode to 
cathode of the arc, completely short-diMuiting it. This 
appears in the oscillogram, Fig. 1. When the drop 
breaks, the arc voltage suddenly increases to more than 
its steady-state value, and then falls along a dsmamie 
cxxrve having a positive slope. If, as before, the limit 
of this dynamic curve is taken as the tangent to the 
static curve, a straight line may be drawn from the 
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point of intersection of this tangent with the vertical 
axis to the point I, and the slope of this line may be 
taken as the limiting value of B when the arc is 
lengthened by the disappearance of a bridging drop. 
The slope in tliis case is 0.12, or 

B 

—“ = 40 per cent. 

The slope of the static arc characteristic itself at the 
point corresponding to I may be taken as the limiting 
value of B for which a suitable generator must be de¬ 
signed. This would be suitable if the arc lengthened by 
only a small amount. In the eases cited however, it is 
conceivable that, although the slope B calculated for the 
generator is greater than the slope of the arc character¬ 
istic is taken in this way, nevertheless the arc might go 
out. Mathematically, this conception means that, 
although 2 is positive number, the solution of equa¬ 
tion (5) might be such that the current necessarily 
would reverse before reaching its steady-state value. 
For example in equation (S), let B equal zero. Then 
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no inductance L or Lp is needed for stability so far as 
criteria given so far are concerned. Let all inductance 
be placed in the field circuit for simplicity. Then 
L = 0, and 

dH / kLp — RM \ di kR , kE — AR 
df “ \ mTp / dt MU 


( 12 ) 

Suppose that the generator is short-circuited by a drop 
bridging the arc which then breaks away. This gives rise 
to the terminal conditions that when 

E 

t — Of ix — 22 , " I* 

The solution of (12) together with these terminal con¬ 
ditions is: 

A / kM + kU- RM \ 

* “ ifc V kU-RM 


A / kM \ E A 

k \ RM-kU R ~ k 

In a generator of good efficiency R is much smaller 
than k. If any considerable inductance U is foxmd to 
be required for stability, then kU > RM. Under this 
condition the second tom of (13) will be negative, and 

k R 

also -j^ must be larger than second 

tom is sufficiently large, the current must reverse in 
E E A 

going from —^ to ~j^ — —^. Physically this means 


that the arc would go out. If the arc is not to go out 
then in the limiting choice of constants the negative 
second term must be less than the positive steady-state 
current. Therefore the condition 

R / kA . \ 

^ k \ Ek -RA + ^ 


must be satisfied, even if B = 0 is the slope of the arc 
characteristic. This condition holds only when Ek AR. 
Numerically, let the constants of a given generator be 

I = 250 amperes 
Field voltage = 62.5 volts 
Field resistance = 6.25 ohms 
y open circuit = 83 volts 

M — 0.005 henry 
A = 30 volts 

Tixms ratio field to armature = 26 

Then 


6.25 

R = = 0.01 ohm 


E = 250 X 0.01 = 2.5 volts 
83 

* ” 260 
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It should be noted that in the original equations a 
turns ratio of one-to-one was assumed, and that the 
field constants must be expressed in terms of the arma¬ 
ture circuit as is customary in transformer calculations. 
"What Lf is now needed for stability even with B = 0? 

0.3 ( 2.6 X 0.8 - 30 X 0.01 0-005=0.0037 


/ IcR \ 

'^\ ML + JIfLp + LLr 


or 


kE 

ML + MLs + LLv 

(14) 


d*l ^ di 


+ ^H = 8 


(15) 


Therefore this value of inductance is required even if 
B = 0 for the arc, because of ihe rapid initial increase 
in arc voltage when the arc is formed. It is interesting 
to see for what average B such an inductance is suffi¬ 
cient. Using equation (10) with L = 0, and the numeri¬ 
cal values previoudy assumed, 

0.0037 X 0.3 -1- 5 X 10-* X 0.01 
“ 0.0037 + 0.005 ~ 

This figure agrees with the value of B determined from 
Fig. 3 by udng the average slope of the dynamic curve 
for values of current from J to zero, and hence justifies 
that procedure. It diould be noted however that this 
value of B is higher than required because (1) the arc 
characteristic actually will bend downward during the 
transient and (2) the circuit characteristic will bend 
upward during the trandent, whereas both have been 
assumed to be straight lines. The authors believe how- 

B 

ever, that the limiting value of of about 60 per 

cent obtained from Fig. 3 is the best value which can 
be assigned to this quantity with the limited data at 
hand, that a generator dedgned for such a value of 

B 

using equation (10) will be satisfactory for weld¬ 
ing, and that tiiis requirement is much less exacting 
than simply attempting to make the static and dynamic 
circuit characteristics equivalent. 

If in equation (10) L is made zero and the equation 
is solved for Iflp: 

^(-| 5 f)" 

Conversely if Lp is made zero 

Both of these equations show that ihe stabilizing in¬ 
ductance necessary depends directly on the mutual 
coupling M, With the flexaetor®, the effect is to reduce 
M considerably, and thus the ^ectiveness of this 
device is dearly evident. 

A Test for Welding Generator Stability 
If a welding generator is short-circuited, the diff^^n- 
tial equation involving armature current reduces to 

dH / fcl/F RM -t* RL \ (K 
V ML H- MLfjt -|- ZJjp / dt. 


The terminal conditions are 

E 

t = 0 , ii = i = 0 

The initial rate of current increase is 
/ di \ kE {M -(- Lb) 

\ F (ML-\-MLj!~\~LLj!‘) 

Let Ti and Tt be the time constants; that is 

= (- a -t- co) = (- a- (o) 


(16) 
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Then 

1 1 . RM -j- kLp -|- RL 

Ti Ti ML -|- MLb -j- LLb 


Also 



2a (17) 



-h y = 


Gand-^ 



H 


Then 

H. RM kL^ "I" RL 
"G M+Ljt 

But this also is the expresdon for B. (Equation 10.) 
Therefore to experimentally determine the B for which 
a generator is suffident, the following test is suffident. 
Short-drcuit the generator and with the osdllograph 
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obtain a record of the rise of armature current. From 
this r^ord measure the initial rate of rise of current in 
amperes per second and divide this value by the open- 
circuit voltage. The result then is G in (18). From 
the oscillograph find the inverse sum of the time con¬ 
stants, which is H. The quotient then is the value 
of B to be found. This, divided by k, which is the 
open circuit voltage divided by the short-circuit current 
should be about 60 per cent or more if the generator is 
satisfactory during transients. 

In Fig. 6 an oscillogram is reproduced showing, the 
results of a test made as described. The initial slope is 
80,000. The open circuit voltage is about 100. Hence 
G is 800. 

The current curve is of the form 


-t -t 

i = CxE ^ + CiE -H I 
To find the time constants, the curve is broken up 
easily into the three parts shown by the last equation 



Fig. 6—Oscii,loobam or Obmeratob Shobt Cibcuit Using 

FIiEXACTOB 

^ply by inspection and two points on each logarith¬ 
mic component is sufficient to find C and T. A simpler 
way to find the reciprocal of the time constant for each 
of the two component curves, is to divide 0.7 by the 
time required for each curve to reach half its initial 
value. 

From the film shown, 

= 12 -{- 56 = 68 


And 


B 


68 

800 


= 0.085 


Also 


* ■ = 


V _ 100 
I “ 715 


= 0.14 


Then 

B/k = - ^ X 100 per cent = 61 per cent 

and the generator is shown to be satisfactory. 

In Fig. 6 an oscillogram of the short-circuiting of a 
generator nging r a flexactor is shown. This test shows 
that this machine is satisfactory for a B of 0.842 and 
that the value of k is 0.295 or the quotient yields the 
result that the quality of the generator B/k is 116 per 
cent. The effectiveness of the flexactor in this case is 
due to using compensation such that the shunt field cur¬ 
rent actually is increased rather than decreased as a 
result of decreasing the arc current. This does not 
mean, however, that an arc can be held, whose length is 
permanently greater than the limiting value repre¬ 
sented by the curve A'- in Fig. 3. 

The test described is applicable to all generators 
using a compoimd field or its equivalent, including a 
flexactor; but cannot be applied if the short-circuit 
current oscillates before reaching its final value. A 
design that would give an oscillatory current is not usual 
however. Furthermore, the criteria given are not 
accurate in case of extreme saturation of the field 
structure. 

The authors wish to thank Doctor J. Slepian for sug¬ 
gestions; and for helpful criticisms of the methods em¬ 
ployed in this paper. 
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Discussion 

EL C» ESastom In their discussion of the arc characteristic, 
Messrs. Ludwig and Silverman have used Seeliger’s equation 

7 = 15.6 -f 2.61 -I- -- 

• i 

It might be well to point out that this expression gives only an 
approximation to the correct form of the characteristic. Experi¬ 
mental evidence now points definitely to the correctness of 

Nottingham’s^ equation 7 - A + ^tere A and B are con- 

stants dependent upon the arc length. When the length of the 
arc is taken into account it seems probable that the arc character¬ 
istic will be of the form® 


Studies of Arc 2>ischarffe, A.I.B.E. Tran®., March 1938, 

p. 2p0» 
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( (ai — a 00 ) \ reii'fe “shot” is sho^ in Fig. 4 of a paper entitled Forces of Electric 

^ ~ Origin in the Iron Arc by Greedy, Lerch, Seal and Sordon, 

^ Tkans.AJ.E.E., June 1932, p. 568. 

_ ^ + (^1 -^<^09) A would seem, therefore, that for normal welding practice, the 

i — E * ) ^ discussed in this paper should be zero. It would have other 

values only when considering small currents or long ares. If B 
^ is taken as zero, then all but one of the requirements for stability 

-f. / r 00 -j——■ I ( 1 ) as given in the paper become meaningless. That one requirement 
^ * is that the condition 


Boo -f. 


(Bi - Boo) 


The writers state that near to the welding currents, that is, 
only over a small range, the arc voltampere characteristic prac¬ 
tically is a straight line of the form A —Bt. This, to be sure, is 
true for a small portion of the curve, but for large currents and 
small are lengths such as are generally used in welding, the curve 



Fig. 1 


is a straight Ime of zero slope. For example, experiments con¬ 
ducted at Lehigh University by Messrs. Lucas and Easton have 
shown that for an iron arc 1.17 mm in length the voltage is con¬ 
stant for current values above 40 amperes. See curve A in FJg. 1. 
As the arc length increases, the point at which the characteristio 
flattens out also advances. However, up to an arc length of 
about 8 mm this advance i^ negligible. A set of curves of voltage 
against are len^h taken for currents ranging from 40 to 200 
amperes was coincident showing that the voltage across an iron 
arc must be a function ohthe arc length but quite independent of 
current throughout the range of 40 to 200 amperes and up to 8 
mm in length. 

The average curve of voltage against arc length for currents 
between 40 and 200 amperes is given as B on Fig. 1. This curve is 
an average of the set of curves shown in Fig. 2. Each of the 
curves of Fig. 2 is an average of several taken at a certain fixed 
c^nt. Thus there are 4 curves representing fixed currents 
of 48,103,197 and 151 amperes. The fact that these curves do not 
he in any set order with respect to current suggests that the 
apparent differences are due to experimental error, and that 
^tu^ aU the observed points lead to the average curve B. 
Justification of this assumption lies in the agreement between 
cu^es A and B. Thus at an arc length of 1.17 mm, B shows a 
volt^ of 21, while A taken at an arc length of 1.17 mm has a 
^tu^ voltage of 21 for currents between 40 and 200 amperes. 
Data for these curves were obtained by measuring the voltage 
^ross an ^ between 5/8 inch water cooled iron electrodes dur- 
very short appUcations of high current. The arc was started 
at about 5 amperes and the arc length adjusted by observing the 

nna^ of the arc enlarged and projected upon a screen. With the 

arc leng^ properly fixed, high ourrent was passed through the 
Mc for about one-half second. During this short interval, before 
the electrodes could bum away appreciably, the current and 
voltage were read. Water cooling was provided to eliminate as 
to as possible the voltage drop caused by heating of the elec¬ 
trodes. The switching arrangement for applying the high our- 



be satisfied. If this condition is satisfied the current^Jwill not 

reverse when going from to - - — or in other words. 

R R K 


when going from short circuit value to normal welding value. 
This requirement, then, is recognized as one similar to that laid 
down by the Navy specifications. The Navy, however, re¬ 
quires that not only must the current not reverse, but that it 
must not fall below one third of its short circuit value. It should 
be emphasized, therefore, that fulfillment of the requirement 
stated above furnishes only the limiting values of the circuit 
constants. It does not assure a machine that could satisfy any 
standard specifications for momentary current fluctuation and 
arc recovery. 

The paper states that if a generator is to be satisfactory during 
B 

transients the ratio ■ obtained from examination of the 


machine's operating characteristios must be 60 per cent or more. 
In connection with this criterion it should be made clear that 



Fig. 2 


the B calculated for the generator must be greater than the slope 
of the arc characteristio between the ourrent values of I and zero. 

B 

Any given machine with a ratio greater than 60 per cent is. 

satisfactory only up to an arc voltage below which the slope of 

the arc characteristic is less than B. The ratio alone can not 

serve as basis for a comparison between generators. 

Aether criticism that might be raised is of the authors’ use 
of ae concept of arc ‘'inductance.” It is not clear how such a 
condition was conceived. .Justifioation of the use of such a 
property of the arc demands the discoveiy and disposition of a 
definite amount of energy stored in the arc inductance. Since the 





December 1933 


ARC STABILITY WITH D-C WELDING GENERATORS 


995 


arc inductance is made part of the circuit constants, its inclusion 
in this case has not affected the form of the various equations. 

Messrs. Ludwig and Silverman have presented an interesting 
method of determining the stability of arc welding generators. 
For high welding currents and short arcs B throughout their 
paper can be taken as zero. With low currents or arcs that may 
be stretched considerably B must be determined from the circuit 
characteristic and a reliable expression for the are characteristic. 
Unfortunately, at present there are no adequate data available 
for determination of the latter. 

Frank B. Lucas: In their discussion of arc characteristics, 
Messrs. Ludwig and Silverman state that “In oscillograms of are 
voltage obtained during welding with iron electrodes, pulsations 
of high frequency and small magnitude are always observed.” 
They tell us that these pulsations “do not appreciably influence 
the stability of the arc.” On page 661 of the June 1932 Trans¬ 
actions of the A.I.E.E. in a paper on forces of electrical origin 
in the iron arc, Professor Greedy gives oscillograms showing these 
pulsations and stated that “if one of these oscillations becomes 
large enough to reduce the current to zero, it can not restart.” 
These oscillograms were taken using storage batteries as a source 
of power. The oscillations were reduced by using a large self¬ 
inductance in series with the arc. It is evident from Professor 
Creedy*s paper that the statement in this paper that the oscilla- 
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tions do not appreciably influence the stability of the arc is true 
only when the inductance of the circuit is large enough to reduce 
the size or amplitude of the pulsations to a value less than the 
current value. Professor Greedy suggests that since “the pulsa¬ 
tions do not start at once after the arc is started but only after 
an interval of time has elapsed they seem to be correlated with 
the heating of the electrodes.” This agrees with Messrs. Lud¬ 
wig’s and Silverman’s statement that they have their origin at 
the cathode. 

In regards to the statement that the voltampere characteristic 
is practically a straight line of the form A—Bi it has been shown 
(Greedy, p. 277, Transactions A.I.E.B., March 1933) that this 
characteiistic for current values ranging from 50 to 260 amperes 
is a straight line with zero slope. Therefore the B in this case 
would be zero, the voltage being independent of the current. 

On page 564 of the June 1932 Transactions of the A.I.E.E. 
the writer gave conclusive proof that the process of arc welding 
can be carried out without short-circuiting the arc. Messrs. 
Ludwig and Silverman state that “during welding, drops bridge 
from anode to cathode of the arc, completely short-circuiting it.” 
The writer points out that this is a special case and is not a 
requisite for electric arc welding. 


It is evident that the term “inductance” of the arc used by 
Messrs. Ludwig and Silverman in their voltage-current equation 
does not mean inductance. They have used a term already used 
for a known phenomenon to describe a new, and to the author a 
doubtful, one. The oscillogram shown in Pig. 3 of this discussion 
taken by R. Kogge and A. Danello, graduate students at Lehigh 
University, for 300-cycle a-c arc welding shows that there is no 
phase displacement between current and voltage as there is 
when inductance is present. The line AB is drawn to show the 
path the current curve, curve C, would follow if there were no 
breaks in the curve due to starting. This line shows that the 
voltage, curve 2), and current come to zero at the same time. 

L. R. Ludwid and D. SilvermaniMr. E. G. Easton has called 
attention to the inability of the Seeliger equation to express 
accurately the current, voltage, and length relations in the are. 
This is quite true, and the substitute relations are much more 
accurate. But since the conclusions drawn in the paper do not 
depend on the exact slope of the static arc characteristic curves, 
they will be unaffected by the use of this equation. The Seeliger 
equation is used only to show qualitatively the effect on the arc 
characteristic of lengthening (or equivalent effects). 

It is agreed that under certaip conditions, such as short length 
and large currents, the arc drop is reasonably constant over a 
wide range of current. The value of the steady state B imder 
such conditions may be zero. However, this fact does not alter 
the conclusions of the paper in regard to the value of B for which 
the generator is to be designed. For the most difficult condition 
for the welding generator is not normal decreasing current, but 
the sudden shifting of arc characteristic from a lower to a higher 
range of voltage due to some suddenly applied effect such as 
lengthening. Here the B to be considered is not the steady state 
slope of either characteristic, but the equivalent or average B of 
the dynamic characteristic curve which starts from the normal 
operating point on the lower steady state curve (Vi of Pig. 3 
of the paper) and extends to the voltage value which the dynamic 
curve will reach at zero current as a result of the equivalent 
lengthening which created the transient. (7o of Pig. 3.) In the 
paper, this latter point was obtained by simply extending the 
straight line portion of the upper steady state curve to the axis. 
The importance of this point will be evident when it is realized 
that this phenomenon results from all common disturbances 
such as lengthening, blowing, dissociation, etc. 

The requirements for stability which were given are therefore 
not meaningless since they depend upon the proper interpreta¬ 
tion of the term B. Gonsequently, the conclusion reached by 
Mr. Easton that only one of the established requirements has 
any meaning is unfounded in view of his misunderstanding of 
the meaning of B. The one condition acceptable to Mr. Easton 
is similar to the Navy requirement but the latter is needlessly 
severe. Regarding the magnitude of B/K, the value of 60 per 
cent has been found to be quite in accordance with observed 
values. As a result of a number of analyses of welding generator 
characteristics, those generators which were particularly good 
welders had values of B/K considerably above 60 per cent; 
those which were noticeably bad, values below 60 per cent. 
Generators of average performance had values in the region of 
60 per cent. 

The use of the term “arc inductance” is not new with the 
authors. Seeliger makes use of this term and numerous writers 
in the literature have used it. Unlike the quantity ordinarily 
denoted by the term “inductance,” the arc is not able to. store 
energy and later return it to the circuit, and consequently will 
not show a displacement between the zero of voltage across and 
the zero of current through the are. The term indicates that the 
voltage across the arc is not a function alone of the arc current^ 
but also of the rate of change of that current. The inductance 
itself, is not a constant, but depends upon the current and the 
condition of the arc, being due to the finite time taken for con¬ 
ditions of ionization to change to steady state values for a given 
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current. The value of the arc inductance is the difference in 
voltage between the transient and steady state arc characteristics, 
at a given value of current, divided by the rate of change of cur¬ 
rent at that point. This is shown in the paper. 

Mr. F. B. Lucas discusses the high frequency pulsations in 
arc drop. The basis for the statement that these “do not appre¬ 
ciably influence the stability of the arc” is given in the paper. 
It is, that with inductance in the circuit it is very improbable 
that the current will drop suddenly to zero and remain zero. The 


probability that the inductive voltage appearing across the arc 
space Tdll restrike the arc is quite high. The use of a storage 
battery source of power explains why it was not observed in the 
experiment cited. Commercial welding circuits have more than 
sufficient inductance to cause restriking in such cases. 

The bridging of the welding electrodes by drops of molten 
metal is not a necessary part of the welding process. It is, 
however, a common occurrence in welding and whenever present 
provides a very difficult test of the generator. 



Construction Features of Special Resistance 

Welding Machines 

BY C. L. PFEIFFER* 


Synopsis. Although the design of so-called standard resistance 
welders is more or less fixed, the construction of a special resistance 
welding machine involves a series of design factors which are only 
approximate and for which one aUows large limits. An attempt is 
made to outline the elementary features of construction Jor success¬ 
ful operation hy enumerating the factors which must be known.' A 
method of obtaining the proper transformer capacity, types of 
switches for changing the amount of welding current, and means for 
regulating the time of application of the current are indicated. 


T his paper discusses general construction features 
of spedal resistance welding machines and de¬ 
scribes a few such machines used at the Hawthorne 
plant of the Western Electric Company. The material 
predated is intended to be of some help to machine 
designers who are primarily concerned with Tnftr».ha.TnV.g1 
feattires of design and to whom welding mechanisms 
and auxiliaries are more or less troublesome. The paper 
will also serve as a backgroimd for products manufac¬ 
turers in discussing the building or bu 3 dng of special 
process welding machines. 

The important operating parts of resistance welding 
machines are the 'transformer and its associated circuits, 
the welding current timing mechanism, pressure mem¬ 
bers, and the mechanical features peculiar to the 
particular job. 

In building a special welder certain limiting factors of 
operation and design must be known. The approximate 
current, voltage, pressure and time required to perform 
the welding operation are usually determined experi¬ 
mentally on a laboratory set-up or estimated from data 
obtained by performing a similar operation on another 
welder. A determination is also made of the sequence 
and time of operations of handling material, whether 
performed mechanically or manually. 

Having given the approximate secondary current and 
open circuit voltage, the time of current application, and 
the interval of time between succeeding operations, 
limits are set up for transformer capacity. It is well to 
allow a large factor of safety in capacity as tiie trans¬ 
former is relatively inexpensive and additional capacity 
allows not only for changes in the apparatus being 
manufactured, but allows for variations in estimated 
current and circmt impedance of tiie secondary circuit, 
which items are ■very difficult to calculate. For instance, 
having estimated a required secondary current of 8,000 
amperes at an open circuit voltage of two volts for 14, 
second, at time intervals of 5 seconds, a transformer 
might be rated as follows: 

♦Western Eleotrio Company, Chioa^, Illinois. 

Presented at the summer convention of the AJ.E.E., Chicago^ 
Illinois, June B6^0,198S, 


Important me-chanical conditions to be considered are also touched 
upon. 

This is followed by a description of the construction features 
of a few outstanding resistance welding machines of special design 
used at the Hawthorne Plant of the Western Electric Company. 
Although most of these machines are of relatively smaU total cur-- 
rent capacities, the current densities used are quite high. The 
machines described are used for welding precious metal contacts, 
permalloy wire, bronze brushes, switchboard plug parts and copper rod. 


“One 10-kva welding transformer, preferably air 
cooled, capable of delivering a maximum of 5,000 
amperes for second at five second intervals having 
eleven primary taps to give open circuit secondary 
voltages of 1.0, 1.2, 1.4, etc., to three volts in 0.2 volt 
steps." 

A relatively large factor of safety in transforms 
capacity may be criticized, but there are advantages in 
such procedure that must not be ovslooked. In the 
first place evsy special welds is somewhat of an ex¬ 
periment and because small changes often upset pre¬ 
liminary calculations, it is well worth while to allow for a 
Isgs transforms and make a slightly largs initial 
expenditure. The ultimate power consumed is not 
affected, and in addition the welding circuit may be 
made very high or low in efficiency by the introduction 
or elmunation of ballast impedance to stabilize varia¬ 
tions in welding current. 

Tap switches in the primary of the transforms cir¬ 
cuit used for varying the applied welding voltage are 
more or less special. Rotary switches usually are used 
on standard welders, but on special weldss such as 
those built by products manufacturss, a switch made 
up of standsd knife switch pjurts is simple, inexpensive, 
e^ily assembled, and has a high opsating efficiency. 
Fig. 1 shows 3 tap switch circuits often ^Ised with 
welding transformers using knife switches. Circuits 
B and C are preferable because at no time are the volt¬ 
ages of any coil combination higher than the applied 
line voltage. Such switches are inclosed in pressed steel 
boxes and for additional safety may be protected by a 
door switch which cuts off the primary feeder drcuit 
when the door is open. On some machines a tap switch 
is entirely unnecessary as only one operation is per¬ 
formed and a permanent connection prevents tampering 
with the proper current setting. 

The timer switch for regulating the application of 
welding current is operated usually by a cam and for 
critical welding operations must have means for adjust¬ 
ment to control the length of time it is closed. On very 
small machines this switch may interrupt the primary 
transformer current directly, but on large ones it is only 
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an auxiliary control circuit for a large contactor. In 
recent y^rs the tendency has been toward high cur¬ 
rent densities for very short intervals of time, and cur¬ 
rent interruptions as high as 200 a minute may be 
required. It is very difficult to do this, and other means 
to accomplish a comparable result are necessary. Cir¬ 
cuits are used in which welding currents are greatly 
reduced instead of interrupted, the time and curreit 
being determined by means of a thyratron control cir¬ 
cuit or other special transformer winding or magnetic 
circuit accommodation. 


CIRCUIT A 



CIRCUIT B 



CIRCUIT C 




Fig. 1—Tap 
SwiTCHBS 


welded joint. Although cams are often used to move an 
electrode, a tension or compression spring alan is used 
in conjunction with the same. Pb’oper clearances must 
be provided around the springs and spring supports to 
make possible both accuracy and stability of adjust¬ 
ment. Sufficient clearances should also be provided not 
only for inserting and removing the electrodes, but for 
dressing them in position. Cooling of electrode tips 
inay be effected by having a large bulk of copper in the 
electrode or electrode support, by special shapes, or by 
a compressed air or water cooling system. 

Lubrication facilities in connection with electrode 
pai^ or any other part of the machine are provided 
wMch prevent any oil, grease, or associated dirt from 
dripping, rubbing or smearing on electrodes. 

Appearance and safety of operation are growing 
steadily in importance. As much as possible of the 
operating mechanism should be inclosed in a strong 
housing. All odd ends and comers are hazards and their 
elimination tends toward greater safety and improve¬ 
ment in appearance. All electrical equipment and 



The secondary leads from the transformer to electrode 
holders are made as short as practicable and of a cross- 
section to allow for air cooling if possible. Leads to 
movable electrodes may be made of very thin, hard 
rolled spring bronze or copper and fastened to help the 
movable electrode advance. Dead copper strips used 
as movable leads often are a hindrance to good welding 
operation. 

Und«- important mechanical features are listed the 
inormting of electrodes, electrode supports, means for 
cooling these, and application or relief of eleclzode 
pressure during the welding operation. One electrode 
usually is stationary and the other movable, but for 
automatic feeding of piece parts, it often is necessary to 
have both movable in order to provide necessary 
clearances. Movable electrode supports usually are 
mounted on slides and much care should be taken to 
make their movement as free as possible and to provide 
means for proper lubrication. The movable electrodes 
are actuated nearly always by springs and failure to 
respond at the proper moment affects the quality of the 


Fig. 2—^Prbciotis 
Metal Point and 
Disk Contacts 

A —Disk contact 
B —^Polnt contact 
C—^Bectangular disk 
contact 

D —^Embossed disk i 
contact I 


O 



wiring must be inclosed, the only aUowable exposed 
portion being insulated operating levers and secondary 
leads to welding electrodes. 

The feeding of parts to the electrodes may be done 
to^tly by hand, by hand fixtures, by rotary table 
feed, chain feed, or any other.,standard method of feed- 
mg parts in machinery. It is preferable to adapt the 
feedmg mechanism to the welding mechanism because 
the welding operation usually is the more difficult of 
the two. The holding fixtures or mechanism for the 
parts being welded are special in design, whose principal 
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features are proper electrical insulation and convenience 
of approach to the welding electrodes. 

This general discussion is followed at this point by a 
description of a numbo- of special welders used by the 
Western Electric Company which illustrate to a large 
degree the importance of many features previously 
discussed. 

Two important types of machines are point and disk 
contact welders used to weld precious metal contacts 
to nickel silver and bronze springs for rela^, keys, and 
other telephone apparatus. Fig. 2 indicates the general 
form of these contacts, one of each being necessary to 
make up most pairs, one being called a point and the 
other a disk contact. Figs. 3 and 4 illustrate the disk 
and point machines respeetivdiy on both of which 
springs are fed to the welding electrodes by a recipro¬ 
cating hand fed locating mechanism. On the disk 
machine, precious metal tape is fed into a miniature 
punch and die and the proper sizes of contact disks are 
punched out. Fingers engage these disks and place 



Fio. 3—SBja-AvTOMATic Disk Contact Welding Machine 

them in the welding position between the welding 
electrodes. A forming hsunmer also is used on this 
machine to insure a smooth surface on the welded disk. 
The welded springs are blown from the locating fixture 
into a chute by a blast of air. The point machine feeds 
the end of a precious metal wire through a split elec¬ 
trode into contact with a spring. At this point the 
welding current is applied to fuse the wire end to the 
spring. Immediately thereafter a cutter snips off the 
proper length of precious mbtal, following which a die 
forms the wdded wire into tiie desired shape. Both 
machines have a heavy cast iron base and frame for 
housing taansformer and switches, and for mounting the 
motor and all mechanical operating medhanisms. The 
transformer tap switch of rotary design is identical for 
both machines and is motmted in the base of the ma¬ 
chine, tihe operating handle extending vertically upward 
as shown m Fig. 4, directly in front of the motor. The 
t-r ansf omiers are rated at 3,700 and 1,700 watts for the 
disk and point machines, respectively, at a primary 


operating voltage of 440 volts, a frequency of 60 cycles, 
and secondary open circuit voltages which vary from 
1.2 to 2.8 volts. The motor on each machine is rated 
at 1/6 hp, 1,800 rpm, 440 volts, 60 cycles, 3 phase, and 
is geared to the main shaft by 3 reduction gears to give 
the main operating cam shaft a speed of about 75 rpm. 
The timOT switch for both machines is moimted on the 



right hand end of the main cam shaft and is shown in 
detail in Fig. 5. This switch consists of two contact 
springs using carbon buttons for contact against a 
carbon block. Pins on each spring engage a double wing 
cam, one spring making contact against the carbon 
block and the other breaking contact with the carbon 
block. Each spring is tensioned in its operating dmec- 
tion of make or break. The springs are mounted on 



Fig. 5—Contact Welder Timer Switch 


adjustable sliding blocks so that their relation with 
respect to the cam may be varied to allow a variable 
setting in the time of application of the welding current. 
The welding time is about 0.04 second. The wiring 
diagr am of both machines is similar to most resistance 
welders. Leads from a 440-volt, 60-cycle somce feed 
through a fuse block and three pole rotary snap switch 
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to the operating motor and welding circuit. Beyond the 
3-pole switch, a 2-pole rotary snap switch separately 
controls the welding circuit so that the machinp may be 
opiated mechanically when the current is shut off. 

This arrangement also precludes welding circuit opera¬ 
tion when the motor is shut off and adjustments are 
being made by hand. 

The welding head of the point machine in Fig. 4 is 
shown with precious metal wire being fed into it from 
the lai^e spool at the top. It consists primarily of 3 
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riage slide. The split finger shown, holds the disk and 
brings it betweai the welding electrodes at the same 
time the carriage brings a spring between them. The 
forming hamma* at the front part of the head backed by 
an adjustable spring is used to surface the disks on the 
anvil immediately below. 

The electrodes on the disk machines are veiy similar 
to the conventional design of spot welder, the lower one 
being stationary, and the upper one being movable and 
backed with an adjustable spring. Flexible copper 
strip sheet of dimensions 0.005 in. by 1 in. built up to a 
thickness of 1/8 in., is used for the jumper leads to the 
movable electrodes to carry a maximum current of 
1,500 amperes. The rest of the secondary leads are bar 
copper whose minimum cross-sectional area is about 
1/8 in. by IK in. 

The point machine lower electrode is a comparatively 
l^ge rectangular surface block-like shape, which is 
hinged and backed by a spring for a quick follow-up 
du™g the welding operation. The upper electrode is a 
split pencil like shape through which wire is fed in a 
manner similar to feeding lead in an automatic pencil. 
The upper electrode is stationary during the welding 
operation. The secondary leads from the transformer 
have a cross-sectional area of about 1/8 in. by 5/8 in. for 
a maximum current of 800 amperes. 


Fig. 6— B utt 
Welder fob 0.011 
f:: ^' f Permalloy Wire 

tube like parts, telescoping each other which are 
actuated by pivoted levers operated by the cams on the 
main shaft. The lower end of the center portion sup¬ 
ports a pair of grooved split copper electrodes for hold¬ 
ing the precious metal wire. A spring moves riie wire 
mto the wdding position where it is held stationary 
durmg the welding operation. For adjustment pur¬ 
poses the grip on the wire may be relieved by the amaii 
thxmb-operated wing at the very top. The larger 
spring at the center of the head brings the cutter 
mechanism to normal, the downward cutting action 
bemg supplied by means of the cam operated lever 
directly above the lock nuts of the spring. 

1 op^ted levers actuate the forming haTrunAr 
welding head, and the sliding carriage 
which brings the work under the welding head. These 

o^tmg cams are covered by a sheet metal hood not 
shown m the picture. 

^e disk welding machine is similar to the point 
welder except for its welding head and method of feed¬ 
ing the pilous metal contacts. The di^ are cut 
^m prmoiK metal tape by the small punch and die 
indicated m Fig. 3. The tape is fed forward by a small 
dutch and feeding device actuated by the spring car¬ 


Fiq. 7—^Wiring 
Diagram op 
Permalloy Btjtt 
Welder 



Fi^ 6 shows a butt welder rebuilt from a copper 
wire br^ing unit used in welding 0.011 in. permalloy 
wire under carbon tetrachloride because welded joints 
^de m air were brittle and unsuitable for drawing, 
ihe jaw mechanism is made of mond metal to prevent 
TOiTosion and is of very light construction. The right 
jaw IS movable and actuated by a vertical blade spring, 
rig. 7 shows the wiring diagram of this welder. The 
^ondaiy circuit has a resistance ballast in series with 
the weldmg jaws which serves both as a timer, a current 
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tapering device, and an auxUiary annealing circuit. 
The resistance ballast is made up of a variable resistance 
of about 1.6 ohms and a 0.008 in.—2 in. nickel fuse 
connected in multiple. The transformer is rated at 150 
watts, has an open circuit voltage of 3 volts, and de¬ 
livers about 100 amperes during the welding operation. 
The wire ends are clamped in the welding jaws, spaced 
at 0.066 in., immersed in carbon tetrachloride by raising 
the container to the jaws, and the current sent through 
the circuit. In an instant the wire ends become plastic, 
the nickel fuse blows, the current is reduced, and the 
jaws move together to a distance of 0.033 in. As long 
as the welding key is depressed, the reduced current 
flows through the joint. Approximately 3 in. of wire 
on either side of the weld is annealed in the annealing 
terminals shown at the extreme top of Fig. 6 to prevent 
strains in handling the softer mato-ial directly adjacent 
to the weld. The joints are very strong and after the 



Fig. St-Copfbr 
Rod Welding 
Machine 


welding flash is removed, may be drawn through wire 
reducing dies. Small nichrome, chromel, perminvar, 
and iron and constantin thermo-couple wires, can 
easily be joined on this machine. 

Fig. 8 shows a specially constructed copper rod 
welder in use at the Western Electric Company wire 
drawing plants. The operation of these machines are 
giTyiilar to most butt welders. High current densities 
ranging in value from 0.2 to 0.4 amperes per circuilar 
mill and applied for very ^ort intervals of time, are 
used to make joints suitable for drawing. For stabiliz¬ 
ing the welding current an impedance ballast is used in 
the secondary circuit. Rod ends are cut square by 
T uoang of a circular saw operated by the foot pedal at 
the left of the machine. This insures good contact and 
practically eliminates so-called contact resistance. The 
stationary and movable jairo are made of alumm^ 
bronze of y&cy sturdy construction. Long clamping 


arms give a good leverage and make for good contact 
between the rod and copper die blocks. The movable 
jaw slide is fitted very carefully and leads thereto are 
carefully mounted in order to have the jaw movement 
properly coordinate with the heating cycle during the 
welding operation. The total movement of the jaw is 
about ill" at an initial pressure of about 150 lb for 
in* rod.. 


Fig. 9—^Welding 
Machine with 
CONVETOB FOR 109 
AND 110 Switch¬ 
board Plugs 



The transformer is capable of delivering nearly 30,000 
amperes and has open circuit secondary voltage taps 
ranging from 4 to 11 volts in one-half volt steps. Rod 
diameters of M to 3/8 in. may be successfully welded 
with such capacity. No tap switch is used .with the 
transformer, not only because the same size rod is 
always welded, but to prevent operators from tampmng 


Fig. 10—Semi-Automatic Welding Machine por Multiple 
Brush Springs 



wilh the setting. The current to the welding trans¬ 
former is controlled through a 200-ampere contactor 
switch by means of a timer switch linked up to cut off 
after the movable jaw has moved about 0.035 in. A 
foot pedal switch operates the conteol circuit after a 
safety switch on the movable jaw spacing leva* has been 
closed by releaang the spacing lever. The entire hous- 
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ing has beai made very heavy to withstand extreme 
rough usage. 

Fig. 9 shows a punch press t 3 T)e machine for weld¬ 
ing switchboard plug centers shown in the foreground. 
The outstanding feature of this machine is tibe chain 
used for bringing Hie welding fixtures into position. 
Two separate joints are made in each fixture by two 
transformers .separately controlled and adjusted by 
tuning cams and rotary tap switches, respectively. The 
press mechanism and fixtures are split so that sepa- 


fiber insulator. As on the switchboard plug machine the 
two welded joints are made by separate welding heads 
each of which has its individual electrodes, pressure 
system, transformer, and control. The transformers 
and timing arrangements are the same as those on the 
disk contact machine previously described. 

Fig. 11 shows Sections of a cross-bar type bimetal 
contact tape, short lengths of which are welded to 
nickel silver springs. The tape consists of an upper 
layer of contact metal and a lower laya: of base metal. 





Pig. 11 —Cboss- 
Bab Bimetal 
Contacts 

—C ross bars 
welded to springs 
—Contact metal 
shape 

C—^Base metal shape 
D —^Welded bimetal 
B —^Welded bimetal 
after rolling 


rate pressures and separate adjustment can be had for 
Two 7.5-kva transformers with open circuit 
^ndary voltages of 1 to 3 volts in 0.1-volt steps 

termsh welding current on this machine. 

Kg. 10 shows a recently developed welder used for 
weldmg m^hple brush springs. Each spring consists 
M piece of 0.016 in. nickel sIIvct about M in. 
wide and 2 in. long to one end of which is welded a 0.026 

A ® to 

A longitudinal section shows the shoe to have a Z bar 

shape, one end of which is welded to the flat surface of 

the sprmg and the other end of the body is projection 

SSffi ^ welding opera- 

been^S^ that reason special provisions have 

primarily of a rotating ring for 
the parts to be welded and advancing them in 

succesave steeps to the welding electrodes. Twooper” 

bronze shoes into a chute which slides 
e proper location on the spring end over the 


ine cross sections, o, D and E, illustrate how this 
bimetal is produced. Contact metal wire and base 
metal wire, respectively, are rolled into the cross-sec¬ 
tional shapes, shown under B and C. These two tapes 
are welded together on a roll t 3 rpe welder to the shape 
shown under D, the current being localized in the weld¬ 
ing ridge on the lower side of the contact metal tape. 
After the welding operation, the bimetal tape is passed 
through rolls and given the final shape, shown by 
sketch E. The bimetal tape is fed into an automatic 
machine, cut to the required bar length and welded to 
springs in positions shown by A . 

Fig. 12 is a diagrammatic sketch of the continuous 
welding machine for welding sections B to C to form 
section D. It consists essentially of two heavy electrode 
copper grooved rolls for feeding the two tapes in the 
welding position as a welding current of about 1,200 
amperes is pa^ed through them. The axis of the lower 
roll IS fixed while the upper roll corresponds to a movable 
electrode pivoted as shown. Current is fed to the rolls 


K—CONTACT M6TAC TAPE - 

Ubroshcs 


.««FL0ATIN« CLCCTPOOCv 


DIRCCTIOM OF 


y<^GvnMHr anu«M \ 

^ftOATINO CI.C6TROOC FlVOTl 


■ -BASE METAL- 


"TTr-Ja*^eom\eMT. bavsh 

'^FUCD CLCfTAODr 


Pig. 12—Continuous Tape WBiiUBB 

^ generator design are placed. 

m^Jf ?® '^®*‘^®^ ^ regulated by 

the weiffht 5^^ adji^tment which counter-balances 
^ floating upper electrode. The bi- 
produced at the rate of about 8 feet per 

^ ^ A transformer rated 

at 2 l^a having open circuit secondary voltage tan*? nf 
0.9 volt to 1.7 volte in 0.1 volt stop. 
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adjustment for this work. Micrometer adjustments are mechanism, the transformer and associated circuits, the 


necessary for alignment purposes and distance limit 
spacing between the rolls. 

In conclusion one may state that good welding ma¬ 
chines are designed around the welding mechanism; 
construction limitations being imposed by the nature of 
the weld itself, the parts being welded, the feeding 


pressure members, the timing interval and its effect on 
speed and inartia limits of moving parts, safety features, 
and methods of lubrication. No one of these is out¬ 
standingly important, yet each is important in itself. 
The problem resolves it^lf into one of careful coordina¬ 
tion. 



The Life of Impregnated Paper 

BY J. B. WHITEHEAD* 

Fellow, AJ.B.E. 


Introduction 

["T is generally agreed that the most important factor 
limiting the life of the so-called solid type of impreg¬ 
nated paper insulated cable is internal ionization in 
voids or gas pockets, commonly due to expansion and 
contraction under temperature cycles, or less commonly, 
to impregnation originally imperfect. Gaseous ioniza¬ 
tion leads to well known rapid heating and destructive 
action on both oil and paper. Under its influence the 
original sealing action of the oil is lost, the original paper 
structure is destroyed, both in such mutually cumula¬ 
tive relation as to lead rapidly to breakdown. 

Efforts to increase the life of such cables therefore 
have been of two general types: (1) the search for ma¬ 
terials which will withstand gaseous ionization without 
injury; and (2) the suppression or elimination of ioni¬ 
zation. 

In the first type of effort an enormous amount of 
work and expenditure of money has been directed to 
studies of wax foraation, ionic bombardment, and allied 
phenomena in oils and in oil mixtures, in search for a 
compound which is most nearly proof against the action 
of ionization. Apparently the point of view in these 
studies is that gaseous ionization is necessarily inherent 
in the solid cable and that it should be possible to dis- 


normal msulatmg function, and at small cost. It does 

I T is generally agreed that the most important factor however, attack the essential limitation of the solid 
limiting the life of the so-called solid type of impreg- ^^ble, namely the occurrence of gas voids in the body of 

the insulation wall. 

The most recent and most important improvement in 
the direction of the suppression of ionization is the so- 
called oil-filled principle in which by the use of oil chan¬ 
nels and thin oils, it is aimed to furnish a sufficient 
supply of oil at all times and at all places to prevent any 
tendency to the formation of gas voids resulting from 
temperature variation. 

Of the relative value of the two classes of effort just 
described, for the increase of the life of cables, there can 
be no question of the outstanding importance of the 
second group, and particularly of the oil-filled principle. 
The remarkable improvements in ionization character¬ 
istics and the increases in current and voltage ratings of 
cables of the type H and oil-filled types on the one hand, 
and the failiu'e to find refractory materials or preventive 
measures in the solid type of cables on the other hand, 
clearly demonstrate the directions in which improved 
cable performance must be looked for. In this statement 
it will be xmderstood that we are considering the possi¬ 
bilities offered by imderl 3 ang physical principles only, 
and have not introduced consideration of the economic 
cover materials which are not damaged thw^y.' It c^- relative cost. The relatively lower cost of the 

not be said that the results of this large amount of work cable and clear knowledge of its limitations will 
have been very encouraging. Some knowledge has been Probably for alwas^ its wide use in the lower 

acquired as to the probable causes of wax formation and wiw -.rlof increased current capacities, 

some differences in the behavior of various oils have « f.i • ^higher teinperatures, the oil-filled 

been found. No compound of outstanding resistance ,, 0 -, ^ probably will find wider 

to ionization has been found, however, nor in view of redu^d and its ultimate possibilities are 

the inherent chemical instabifity of ofl and the sus- “ a . , . 

ceptibility of paper fiber to oxidation can it reasonably uf Jlf of internal ionization on the 

be expected that a radical improvement will be found in • u overshadowed the question of a, 

this direction. possible inherent mfluenceof the impreg nating oil itself 

Par more promising, however are the result*, sttain^i T impr^ted paper. As a consequence, this 

in the suppression and elimination of internal gaseous ^^ifient' ^ ^tle or no experimental study, 

ionization. The most obvious m^es ^e SI! to values 

tion of voltage stress and temperature elevation to such streu!^I° ^nductavity, power factor, dielectric 

values as, based on practise aid^Sm^t ’“^der temperature as measured by con- 

to limit the intensity of ionization to such values as wiU theS^jSia^** viscosity as related to 

permit a reasonable life of the cable. These are the nianufacturers’ ideas of its bearing on 

measures commonly adopted for solid cables and thev “n^^ation. By sufficient care in re- 

have therefore imposed definite limitations u^n thefr ve^Sd^ I*® possible to meet these specifications with a 
capacities and voltage ratings. ^ vanety of oils and as a consequence this va- 

“ >toitia8 ionization ia “ OOnaiderable meaauro to the 

^^..i^tionMthoutin^e^LtSta 

nation of important oil characteristics and the relative 
1004 
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behavior of the large number of available oils. It is 
high time, therefore, that studies of this character be 
begun. 

The Materials and Test Samples 

This paper reports the results of a series of accelerated 
life tests on impregnated paper samples in which effort 
has been made to eliminate dl variable factors and con¬ 
ditions except those pertaining to the oil. To this end a 
single paper has been used, and all test samples as¬ 
sembled, dried, evacuated, and impregnated as nearly 
as possible under identical conditions. The impregna¬ 
tion program adopted aimed at practically complete 
impregnation, so t^t gaseous ionization would be elimi¬ 
nated as an important factor in the life of the samples. 
This result seems to have been attained as will appear. 
With gaseous ionization either absent or reduced to very 
low terms, it is believed that the investing differences 
which have been found in the behavior of the various 
oils are inherent either in the properties of the oils them¬ 
selves or in the relation of these properties to the 
structure of the paper. 

The Paper. The same grade of wood pulp paper tape 
as furnished to the cable trade by a well known manu¬ 
facture was used in all the samples. It was not super- 
calendeed and had the following characteristics: 

Thickness. 0.004 in. (1.016 cm) 

Width. 1 in. (2.64 cm) 

Specific gravity. 0.937 

Gurley air resistance. 640 sec 

Effective capillary radius .... 8.2 by 10-“ cm 

Conductivity (dry). 9.6 by 10 mhos per cucm 

All at 25 deg C 

The Oils. Fourteen different oils have been studied, 
as furnished by four manufacturers. Some description 
of the oils and their principal physical constants are 
given in Table I. The oils for the most part, are those 


offered to the cable trade. Exceptions are No. 104 and 
notably Nos. 109 to 113, these latter having been pre¬ 
pared by a well known refiner as having special charac¬ 
teristics for these experiments. In coimection with most 
of these oils it has not been possible to seciire complete 
information either as to thdr origins, their programs of 
refinement, or their principal chemical characteristics. 
This applies particularly to those oils which now are 
sold to the cable trade. As may be seen, most of the oils 
are those commonly employed for solid core cables. 
Three, however. Nos. 104, 108 and 113, are thin oils 
such as used in oil-filled cables. The differences in 
viscosity in these two groups are quite wide. 

Most of the oils were shipped to us protected by an 
atmosphere of carbon dioxide or of nitrogen. This con¬ 
dition was maintained by us and at no time before 
completion of the impregnated sample was the oil ex¬ 
posed to the air. Before admission to the impregnating 
tank, the oil was sprayed into a vacuum of 1 mm Hg, 
passing down over a series of cones to a heating tank 
where it was elevated to a temperature of 60 deg tmder 
vacuum, and thereafter drawn into the impregnating 
tank. The d-c conductivity and didectric strength of the 
oil was measured both before and after this treatment. 
A substantial lowering of conductivity, and an increase 
of dielectric strength was found in practically all cases. 
(See Table I.) 

The Impregnated Samples. Each sample consisted of 
16 layers of the 0.004 in. paper spiralled in cable fashion 
with butt joihts and with one-fourth width overlap, on 
a 2.5-cm diam smooth brass tube as high voltage elec¬ 
trode. The outer or measuring electrode (60.96 cm long) 
was of lead foil reenforced with thin sheet lead. This 
electrode was protected by guard rings and ends of re¬ 
enforced insulation. Both high voltage and measuring 
electrodes were perforated at wide intervals with very 
small holes to facilitate impregnation. Drying, evacua¬ 
tion, and impregnation were carried out at 2 mm Hg 


' TABLE I—OIL PBOPBRTIBS 



Pour 

point 

®o 

Flash 

point 

Specific 
gravity 
40® O 

Viscosity 
poises 
40® O 

Surface 
tension 
dynes/cm. 
40® 0 

Penetra¬ 

tive 

power 

X 10-® • 
(Kraft) 
40® O 

Dielectric 

stgt-volts 

20 min, cond. 

mhos/cc X 10“H Life at 

40® O P.F. of 400 v/m 

Oil 

No. Base 

Before 

trmt. 

After 

trmt. 

Before 

trmt. 

After sample 20 mm. 

trmt. 40® O sets) hr 

100. Undewaxed paraflan... 

35.0.. 

,.274... 

...0.8788 . 

. 7.5 . 

...61.8. . 

,. 5.67.. 

..20,176. 

. .27,960.. 

105.0 . 

34.2 ..0.00276...1,118 

101 .Paraffin. 

15.7.. 

..296... 

..0.881 . 

. 6.7 . 

...31.2. . 

.. 6.0 .. 

..16,864.. 

. .25,860.. 

605.0 . 

218.0 ..0.00363... 974 

102. Semi-refined naphthene 

- 7,0.. 

..288... 

,.0.9268 . 

. 7.2 . 

...20.1. . 

.. 3.65.. 

..19,931.. 

. .29,827.. 

1,630.0 . 

1,313.0 ,.0.00483...2,948 

103 .Naphthene (phenol ex- 
tract). 

19.3... 

,..265... 

..0.96 . 




. .14,670. 

. .26,620.. 

11,900.0 , 

6,400.0 ..0.00872... 20.8 

104 .Highly refined white 
oil. 

0.0.. 


..0.83 . 

. 0.132 . 

...32.0... 

..83.0 .. 

..31,100...31,660.. 

1.4. 

1.0 ..0.00264...12,882 

105. Dewaxed paraffin. 

. - 7,0., 

...282.. 

...0.8829 . 

. 4.9 

....31.3... 

... 6.47.. 

..17.652. . .25,500.. 

322.0 

84.8 ..0.00276... 1,599 

106.76 % No. 106 25 % rosin 
by wht. 

4.4.. 


..0.936 . 

.17.6 

,...21.6... 

.. 2.28. . 

..27,660. 

. .28,846., 

130.0 

149.0 ..0.00282... 1,096 

107 .Highly refined paraf¬ 
fin. 

4.4.. 

...263.. 

...0.903 . 

. 4.07 . 

...38.3... 

.. 6.62.. 

. .27.837...28,820.. 

7,34 

6.76..0.00268... 1,063 

108. Befined light oil. 

-29.0.. 

...149... 

...0.8805 . 

, 0.1602. 

...28.2... 

..28.2 . . 

..27,640... 26,990., 

12,6 

24.8 ..0,0027 ... 9,081 

109 .Highly refined naph¬ 
thene. 

. - 6.7.. 

...271.. 

...0.9015 . 

. 2.46 < 

,...33.0... 

.. 7.67.. 

.. 18,410.. .27,790.. 

32.4 , 

22.0 ..0.00238... 7,146 

110 . Refined naphthene. 

. - 7.0.. 

...294.. 

...0.903 . 

. 4.82 

....32.8.. 

... 6.48.. 

..21,600. . .31,710.. 

47.1 

22.8 ..0.00261... 2,568 

Ill .Paraffinblend. 

. - 4.0.. 

...202.. 

...0.8693 . 

. 0.368 

....32.9.. 

...19.6 .. 

..27,160. 

. .27,763.. 

103.0 

74.3 ..0.0037A.. 6,510 

112. Paraffin blend. 

. - 2.0.. 

...218.. 

...0.878 . 

. 0.878 . 

....32.9... 

..12.86.. 

..29,400. 

..33,640.. 

7.9 . 

5.4 ..0.00309... 1,929 

113. Refined naphthene. 

. -17.8.. 

...190.. 

...0.891 . 

. 0.37 

....30.3... 

..18.96.. 

. ,29,620. . .30,975,. 

81.7 

61.2 ..0.00289... 14,304 
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pressure in the standard specimens for life test. After 
impregnation in the vaeuxun tank, the specimen was 
transferred to the high voltage test box containing 
three open oil tanks. The test specimens were made in 
sets of 3, and 1 specimen was placed in each of the oil 
boxes and immersed in the oil in which it was impreg¬ 
nated. The oil tanks were themselves deeply immersed 
in an outer bath of circulating oil permitting temperar 
ture adjustment between 25 deg and 80 deg. The whole 
assemblage of test tanks was enclosed in a large outer 



Kraft paper—^various oils 

Standard construction and treatment 40 deg O 


wooden box with thermal insulation, through which 
high voltage porcelain bushings permitted connection of 
the test spedmens to the high voltage source. More de¬ 
tailed descriptions of the test samples as well as of the 
methods of drying, impregnation, measurement of power 
factor, temperature, loss, voltage, life, etc., have been 
given in a foregoing paper.' 

Measubbments, Tests, and Results 

The d-c conductivity and the dielectric strength of 
each oil was measured as received and after the vacuum 
treatment referred to above. Measurements were also 
made of the viscosity and surface tension and the p«ie- 
Ixative power,* or capillary constant, in each case, the 
r€sidts being given in Table I. The power factor and 
initial or short time conductivity measurements were 
made on several of the oils, the values for which, and 
their signi ficance as bearing on dielectric loss in the 

1. For references see bibliography. 


impregnated sample and other discussion, have been 
given in a separate paper.* 

The impregnated specimens were constructed in sets 
of 3; usually 2 such identical sets were tested for each 
oil; often there were 3 sets and sometimes more. Before 
the life test, measurements of power factor, as related 
to voltage in the range 180-300 volts per mil and at 40 
deg C were made on each of the 3 specimens of 1 set. 
The results of these tests are assembled in Fig. 1. Also in 
each case power factor at 180 volts per mil was measured 
over the temperature range 25 deg-80 deg C. The re¬ 
sults of these tests are given in Fig. 2. Power factor at 
180 volts per mil was also read at intervals during the 
life tests as given in Fig. 3 for the entire series of tests, 
and in Figs 4 and 5 for special cases. 

In the accelerated life tests (150 in all) each sample 
was tested singly, being taken one by one from the im¬ 
pregnating chambCT within which an atmosphere of 
nitrogen at atmospheric pressure was maintained. The 
life test w;as started at 400 volts per mil, maintained for 
one hour, then 500 volts per mil for one hour, then 600 
volts per mil for 10 hours, 650 volts per mil for 10 hours, 
700 volts per mil for 37 hours, 760 volts per mil for 40 
hours, 800 volts per mil for 40 hours, 850 volts per mil 



Fio. 2 —Power Factor Temperature Curves 

Kraft i>aper samples Impregnated with various oils. Power factor 
measured at 180 volts per mil 

to failure. These tests were made at 40 deg C, this value 
being maintained within a fraction of a degree by auto¬ 
matic means. 

The results of the life tests on all the oils are summa¬ 
ry in Tables 11 and III. Table II reports those oils 
either known to be or believed to be of so-called paraffin 
base, and as furnished by several different refiners, and 
Table III, a special group of oils developed for these 
tests by one refiner ^d aU stated to be of naphthenic 
base. Exact information as to the origins and differences 
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TABLE II—PARAFFIN OILS 
Accelerated Life Test History of 2.0 mm Hg Sets 


Number of hours at: (volts per mil) 


Spedmea 


Avg. Avg. life 
No. at 400 v/m 
hours hours 



112. 

W-1. 

.. W-2.: 

. 


XX-1. 

106. 

..XX-2. 

(At 70* O) 

XX-3. 


AA-1. 

106. 

.. AA-2. 


AA-3. 


1 10 

...10.0... 

. ..21.3... 

.;. 4 

1 to . . 

....10.0... 

.. .25.8... 

t 

t.10.... 

,...10.0... 

...37.0,.. 





54.8. 3,904 


26.8. 1,176 


TABLE III—NAPHTHENE OILS 
Accelerated Life Test History of 2.0 mm Hg Sets 


Specimen 400 


Number of hours at: (volts per mil) 


Avg. Avg. life 
No. at 400 v/m 



10.37,0. 1.0. 

10.87.0.6.3. 

10.37.0.17.5. 

10.37.0.40.0. 


. .10.10.37.0.33.7. 


.30.4. 

. .37.0.40.0. 

. .37.0.28.0. 

. .37.0.40,0. 


hours 

hours 

hours 

.... 69.8 
.... 43.6 
.... 69,0 
_29.7.. 

.. 45.9... 

.. 2,947 

.... 41.8 
.... 25.0 
.... 38.5 
.... 60.0 
.... 66.3 
.... 76.6 
....104.2... 

.. 78.5... 

7,146 

.... 92.7 
.... 54.0 
.... 48.6 
_ 27.0... 

... 42.7... 

.. 2,568 

.... 52.4 
....111.3 
_ 87.0.. 

...113.3... 

..14,304 

....141.6 
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in processes of refinement has been withheld in all cases. 
It will be noted from Tables II and III that the com¬ 
plete history of the test as regards the duration of life at 
each value of stress, together with the total life of each 
sample, and the average life of the entire group for each 
oil, are given. Moreover in the last column the average 
life per group as reduced to 400 volts per mil by the 8th 
power law is also given. As is well known in breakdown 



BepresentaUve samples, e&ch oil power factor measured at 180 volts 
per mil, Life test at 40 deg O 

tests of this character, there is usually a fairly wide 
variation in the results as observed on successive similar 
samples. We have not escaped this difficulty and in the 
results as reported we have had to use our judgment as 
to the weight to be attached to life values of individual 
specimens falling well away from the average value per¬ 
taining to the group. As indicative of the results of 
individual tests we note as of average uniformity set SS, 
oil No. Ill giving 6,706, 6,322, 6,119 hours at 400 volts 
per mil respectively. .One of the poorer examples as re¬ 
gards spread of results was Set MM, oil No. 102, giving 
4,004, 1,427, 2,494 hours respectively, at 400 volts per 
mil. In the curves and figures as reported, the values are 
the average values (see Table III) of groups of 3,6, or 9, 
as the case may be, with occasional ‘elimination of one 
apparently abnormal specimen. 

The collected results of the life tests, as based on the 
averj^e performance of all specimens tested are shown 
in Fig. 8 in which the horizontal scale is the actual life 
in hours and the vertical scale gives the power factor at 
180 volts per mil, as measured at intervals during the 
life run. At the top of the figure successive increments of 
sti^s and the duration of each are also given. Each 
curve refers to a single oil. The dotted sections show the 
life after the last measurement of power factor. If the 
values of life are reduced to 400 volts per mil, say by the 
8th power law, the differences amongst specimens as re¬ 


ported with the various oils are much more pronounced 
than as indicated in Fig. 3. 

A more intimate picture of the change of power factor 
during the life test is given in Figs. 4 and 6 as taken for 
single samples. In these the horizontal scale is again 
linear in actual hotus of test. Pig. 4 is t 3 npical of those 
specimens having relatively long life with no material 
change in power factor until the very last stages within 
which the rise in power factor is very rapid. Fig. 5 
shows a slow and uniform rise of power factor through¬ 
out, a relatively long life followed by a rapid rise in the 
last stages of the approach to breakdown. Fig. 6 also 
shows the temperature variation in the oil just outside 
the specimen, upper curve, and that inside the tube 
forming the high voltage electrode. As a general thing 
these two temperatures were closely the same except in 
the last stages of life when the losses were increasing 
rapidly and when the difference would sometimes rise 
to 4 deg or 6 deg. 

Of the total number of breakdowns observed 97 per 
cent occurred xmder the central electrode. A few oc¬ 
curred under the guard electrodes, and one or two 
failures under the reenforced ends have not been re¬ 
corded. The failures for the most part were clean 
punctures, perhaps a millimeter or more in diameter at 
the inner and outer electrodes and 6 millimeters in 
diameter and often smaller within the insulation wall, 
usually with some adjacent scorching, dendrites, 
and gas formation. Conditions throughout the sam¬ 
ple after failure generally were uniform longitudinally, 
although there was often a pronounced variation in 
the amoxmt of gas formation radially through the 
thickness of the insulation wall. In general the ap- 
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pearance of the samples after failure was such as 
to indicate that the deterioration leading to failure 
was quite uniform over the whole length of the sam¬ 
ple. One of the striking features evident on dis¬ 
section, particularly in the parafSn oil samples, was the 
presence, practically in every case, of gas, Tiniformly dis- 
toibuted through 4 or 5 layers and the further fact that 
the occurrence of this gas was limited to the last stages 
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of life. The amount of this gas was definitely less in the 
naphthene group. A number of samples of both types of 
oil were opened after long life and before approach to 
failure. No gas was ever found in these specimens. 
Furthermore, a number of specimens were carried to 800 
volts per mil, maintained at this stress for a nrimber of 
hours and then removed without failure. No gas was 
found in these specimens. No wax has ever been foimd 
in any of the specimens. These facts lead us to feel that 
gaseous ionization in the ordinary acceptance of the 
term was not present in any of these specimens and that 
impregnation, in the ordinary sense of the term, that is 
to say, complete absence of visible gas, was complete. 

Discussion 

. Power Factor. The power factor values given in 
Figs. 1 and 2 indicate a fairly wide variation both in 



Fig. 5 —Powee Pactob—Tempbeatveb— Time Cvevbs 

Spec. QQ-l Compound No. 109. Power factor measured at 180 volts 
per mil 40 degO 


value and t 3 fpe of behavior of the oils. The high values 
and rising character of the curves for oils No. 102 and 
No. 103 are in some measure accounted for by the fact 
that these naphthene base oils were not as thoroughly 
refined as some of the paraffin base oils subnutted to the 
cable trade by the same manufacturer. Oils No. 109, 
110, and 113 are more highly refined oils from the same 
base as No. 102. With this in mind, it may be seen that 
the variation in power factor values over the whole 
temperature range studied is relatively small for the 
entire series of oils. It will be noted also that the varia¬ 
tion of power factor with stress is very small over the 
whole group, up to 300 volts per noil, thus indicating 
again the absence of gaseous ionization. 


The infiuence of sustained stress on power factor is 
seen best in Fig. 3. Some of the oils maintain their 
power factor fairly well up to breakdown (e.g., Nos. 104, 
108, and 111) while others (Nos. 109, 113) showed a 
uniform increase of power factor throughout relatively 
long lives. There is no relationship apparently between 
the value of power factor or its rate of increase under 
increasing stress, and the life of the specimen. In those 
specimens showing a uniform rise of power factor with 
increasing stress through life, this relatively slow in¬ 
crease is to be distinguished from the final rapid rise of 
power factor as failure is approached. The slow increase 
with stress apparently is an inherent property of the oil 
involving no instability. The final rapid rise of power 
factor evidently is the onset of instability and tempera¬ 
ture rise in accordance with the thermal theory of 
breakdown. 

Differences In Life. It is evident from Tables II and 
III and Fig. 3 that there are wide differences in the lives 
of the various groups of samples, all of which have been 
impregnated under identical conditions and tested in the 
same program, the various groups differing only as re¬ 
gards the oil. Ixwking for an explanation of these differ¬ 
ences, it may be noted that for the most part the sam¬ 
ples showing the shortest lives are those impregnated 
with compounds of relatively high viscosity, commonly 
used in solid cables, as for example. Nos. 100,101,105, 
and 107. In this class also is fo\md oil No. 106 contain¬ 
ing 25 per cent of rosin. On the other hand, 2 oils giving 
exceptionally long lives. Nos. 104 and 108, are both thin 
light oils of low viscosity. The naphthene base oils seem 
to fall in a group to themselves. They are characterized 
by a power factor increasing with increasing stress, but 
also by relatively long life. In a general way it may be 
concluded therefore, that higher viscosities tend to 
shorter lives and carefully refined thin oils of low vis¬ 
cosity may give exceptionally long lives. Further, an 
infiuence of the basic chemical character of the oils is 
indicated by the divergence of the naphthene group as 
shown later. 

lAfe-CapiUary Properties. In these studies it has been 
hoped to go much furthm- than a mere experimental 
comparison of the lives of paper samples as impregnated 
with various oils. The chief purpose before us has been 
to find if possible some relation between the physical or 
chemical properties of the oils and the lives of samples 
impregnated with them. We believe that we have found 
an important relationship of this character in the capil¬ 
lary properties of the oils as related to the paper. We 
have found for example that the rate of rise of each one 
of these oils in a vertical strip of the paper obeys the well 
known law of the rise of a liquid in a small capillary tube. 
This n»>aTig that it is possible to assign to each oU a 
definite value of “penetrative power” K, which is a 
measure of its power for penetrating the pores of the 
paper. The pmietrative power depends on the viscomty 
and the surface tension of the oil, and on the effective 
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capillary radius of the pores within the paper. The 
complete expression for K is: 

sin which r = the effective capillary radius of the paper 
pores, 7 = the surface tension in dynes per cm, ij = 
viscosity in poises. Over such a group of oils as tested 
here the variation in surface tension (see Table I) is 



Fio. 6 —^Pbnbtbativi) Powbb vs. Tbmpiibatubi) Vabious 
InsotiAtinq Oils 

4 mil kraf t paper 

much less than that of the viscosity and so the latt^ is 
by far the more important factor determining the 
differences in their penetrative powers. 

The rise of an oil in a vertical strip of paper is given 
by the equation I = K t^, where K = the penetrative 
power, I = the h^ght of rise in <nn, and t = the time in 
sec. A complete account of the e^eriments leading to 
the determination of the values of K for each oil, its 
variation with temperature, the effective capillary radii 
of different papers, and othw interesting data on capil¬ 
lary action have been given in a separate paper.® The 
values of K at 40 deg C for each of the oils studied, as 
related to the 0.004 in, paper are given in column 8 of 
Table I. It will be seen that K ranges from 2.28 for the 
r^in oil mixture. No, 106, up to 38 for the thin white 
off, No. 104. The variation of the penetrative power 
with t^perature for each of the oils is shown in Fig. 6. 

In Figs. 7 and 8 the average life of the several samples 
impregnated with each oil has been plotted as related to 


the penetrative power. In Fig. 7 the abscissas are the 
values of the overall lives in hours without reference to 
the values of stress. In Fig. 8 the total life in each case 
has been reduced to 400 volts per mil by the 8th power 
law. As seen clearly in these figures, two definite lines or 
curves are indicated connecting in definite relationship 
the penetrative power with the life of the oil. The oils 
constituting the lower cvirve are all of naphthene base. 
All of the oils on the upper curve except oil No. 108 are 
known to be of paraflBn base. No. 108 is said to be of 
naphthenic base but is known to have a different origin 
from the oils constituting the lower curve. 

In order to test the interesting relationship indicated 
here, several axixiliary studies were made. For example, 
a set of samples was constructed using oil No. 106 in 
which, however, the temperature of impregnation and 
test was 70 deg C instead of 40 deg C, thereby lowering 
the viscosity and increasing the penetrative power 
markedly. The result was to more than double the life 
as indicated in Fig. 7. Impregnation at higher tempera- 
tmes with subsequent life test at 40 deg gave no increase 
of life. In another case, the viscosity of a well known 



Kraft paper Impregnated with varlons oils at 2.0 mm Hg. Ufo test 
at 40 deg O 

paraffin oil (No. 105) was lowered substantially by mix¬ 
ing with lighter oils. The results showed corresponding 
increases of life as shown by points 111 and 112, Figs. 7 
and 8. Similar variations of the viscosity carried out by 
the refiner on the oils of the naphthene group, for the 
purpose of both inoreasing and decreasing their pene¬ 
trative powers, were reflected immediately in corre¬ 
sponding differences in life. 

There appears to be no doubt therefore, that in gas- 
free cable insulation there is a definite relationship 
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between the capillary properties of the oil as related to 
the paper, and the life of the insulation under high stress. 
The relationship perhaps is not quite so definite as indi¬ 
cated in Pigs. 7 and 8 because the spread of the results 
on each oil is not indicated. If, however, all of the life 
test results from Tables II and III be included, it still 
will be found that there is no overlap among the values 
giving the two curves of Figs. 7 and 8, which are based 
on the average values for each oil. A linear relationship 
is suggested in Fig. 7, but this is scarcely possible in 
view of the continually increasing values of electric 
stress. On the other hand, the upper parts of the curves 
in Fig. 8, based on life at 400 volts per mil, also approach 
fairly closely to a linear relationship. Uncontrollable 
variations among the specimens and the spread of test 
results are quite suflicient to account for the differences 
in the shapes of the two curves of Fig. 8. 



Kraft. jKiiirr linpragnattKl with various oils at 2.0 mm Hg. l<lfo tost 
at^OdogO 


The two separate curves for the paraffin and naph¬ 
thene g^ups clearly suggest that the basic chemic^ 
structure of the oil also has a bearing on life. This 
indication is still further strengthened by the apparent 
identity of the law connecting penetrative power and 

life in two groups. ^ 

It is interesting to speculate on the particular signifi¬ 
cance of the indication of the importance of capillary 
penetration. It immediately suggests that failure is re¬ 
moved to longer periods, the more completely the paper 
fiber is penetrated or saturated with the oil. This picture 
then immediately suggests as a cause of failure some 
action such as ionization in the microscopic channels of 
the cellulose fiber. That this picture is a true one is 
borne out also by tests made at evacuation pressures of 


0.25 mm* in which a noticeable increase of life was 
found. It seems certain therefore, that the residual air 
or gas remaining in the paper even below evacuation 
and impregnation pressures of 1 mm also plays a part 
in the life history. It is to be noted, however, that these 
residual traces of air are those existing in microscopic 
channels only. There is no evidence in these experi¬ 
ments that gaseous ionization in the original acceptance 
of the term, plays any serious part in the deterioration 
of these specimens. Gaseous ionization, if involved in 
the failure, is of a different and much smaller order of 
magnitude than that occurring in solid cables. More¬ 
over, it is of such a character as to be subject to influence 
or control by the capillary forces of the oil in its penetra¬ 
tion into the paper. 

In a recent paper M. Hdchstadter and W. VogeF 
reach the conclusion that breakdown in thoroughly 
impregnated paper insulation is of pure electric rather 
than thermo-electric character. The evidence of our 
experiments is against this view. As indicated above, 
we find no serious temperature change at high stress 
over long periods of time, thus far bearing out the con¬ 
clusions of the authors mentioned. On the other hand, 
we have clear evidence of approach to breakdown over 
several hours, during which there is a relatively rapid 
rise of both temperature and power factor. We con¬ 
clude, therefore, that while thoroughly impregnated 
paper insulation may withstand eictremely high stress 
for long pCTiods at constant values of loss and tempera¬ 
ture, breakdown, when it comes, is not of pure electric 
or other sudden type, but has all the characteristics of 
the so-called thermo-electric failure. 

It should be emphasized again perhaps, that the re¬ 
sults reported here pertain to a degree of impregnation 
and its protection which are quite unattainable under 
the present methods of manufacture, handling and 
operation of high voltage cables. Nevertheless, it has 
been shown that under controlled conditions impreg¬ 
nated paper can withstand stresses and attain life under 
stress far in excess of the values pertaining to the present 
usage of this important type of insulation. It appears a 
pertinent question whether it is not advisable therefore 
by modified methods or increased costs to take up some 
of this difference, not only in the oil-filled cables of the 
upper ranges of voltage, but also possibly in those of 
solid tsrpe for lower voltages. 

Conclusions 

1. A series of accelerated life tests has been made on 
1 grade of paper as impregnated with 14 different high 
grade insulating oils. Wide differences in life.have been 
foimd. 

2. The influence of dielectric loss on the life of im¬ 
pregnated papa* is within wide limits, negligible as 
compared with other factors. 

3. The values of power factor and their characteristic 
changes during life tests have no apparent relation to 
the life of well impregnated paper. 
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4. It is shown that the origin or basic chemical struc- 
toe of the oil has an important bearing on the life of the 
impr^nated paper. 

5. Thoroughly impregnated paper will withstand 
electric stress far in excess of the values of practise over 
long periods of time without apparent change. Break¬ 
down, when it comes, is of thermo-electric type, the 
approach to which may extend over several hours. 

6. The differences in life in the oils of one base or 
origin are related directly to the capillary penetrative 
power of the oil into the paper. Measurements have 
been made of this capillary constant for each oil. For 
oils of one ts^je and for a single grade of paper the life 
of the paper under electric stress is directly proportional 
approximately to the penetrative power of the oil into 
the paper. 
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The Effect of High Oil Pressure Upon the 

Electrical Strength of Gable Insulation 

BY JOHN A. SCOTT* 

Associate, A.I.B.E. 

Synopsis^ Long time overvoUage teals on oil treated cable sow- A doubling of breakdown voltage was secured by a pressure increase 
pies and short time and impulse testa on oil treated paper sheet from 1 to 6 atmospheres in the case of the long time (^several weeks) 
samples indicate that an increase in the hydrostatic pressure of while no improvement at all was secured in the case of the impulse 
the oil win result in an increase in the breakdown voltage. The testa {several microseconds duration) by a pressure increase up to 
magnitude of this increase depends on the time duration of the test. 11 atmospheres. 


Introduction 

I MPROVEMENT in. cables, which combine liquid 
and solid dielectrics, has come largely through the 
study and control of gaseous electrical phenomena. 
This is because through circumstances of use in the 
field gases enter the cable structure and the resulting 
electrical discharges in these gas layers cause deteriora¬ 
tion ultimately leading to failure. 

The steps in improvement have led successively first 
to the abandonment of the heavy solids or petrolatums 
as treating materials and then to the oil filled cable, 
where the possibility of entrapped and dissolved gases 
is reduced to the minimum possible. 

Granting, however, that some residual gas remains, 
its effect should be reduced if it is subjected to high 
pressme, for it is a well known fact that the breakdown 
voltage of a gas increases with the pressure almost 
linearly. Furthermore Koch^ has shown that the di¬ 
electric strength of liquids shows a similar effect but 
that of solids does not. In ordm- to study the combined 
dielectric, oil and paper, tests have, therefore, been run 
to investigate the effect of high oil pressures on (1) the 
long time or endurance dielectric strength; (2) the short 
time dielectric strength; and (3) the impulse voltage 
strength of treated paper insulation. The first two of 
these tests were reported to the Committee on Electrical 
Insulation of the Division of Engineering and Industrial 
Research, National Research Council, in October 1931 
without publication.® 

Long Time Voltage Tests on Cables 

Two long time or endurance voltage tests were run on 
actual cables. The first test was made on a 10-foot 
length of 2-0 single-conductor cable insulated with 
0.187 in. of oil treated paper. The treating oil was a 
heavy cable oil of viscosity 680 seconds Saybolt at 
60 deg C. Porcelain terminals were provided and 
oil pressure supplied by a small motor-driven pump 
automatically controlled to hold 80 lb per sq in. pres¬ 
sure above atmospheric. With the small diameter 
of the cable and a lead sheath thickness of 0.125 in. 

*GJeneral Bngg Laboratory, GeuMal Electric Co., Scheaectsidy, 
N.Y. 

1. For references see bibliography. 

Presented at the summer convention of the A.T.E.E., Chicago, 
Illinois, June S8-S0,19SS. 
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the lead sheath withstood this pressure without ap¬ 
preciable stretching during the test. A long time 
step-up voltage test was applied holding each step for 
two weeks, as shown in Table I. 


TABLE I 


Kv 

Average stress volts per mil 

Hours 


75.0.... 

.400. 

.300 


86.0.... 

.460. 

.307 


93.5.... 

.600. 

.383 


103.0.... 


.326 


112.0.... 

.600. 

.163 


121.6.... 

.660. 

.160 


131.0.... 

.700. 




The life at the last step was 6 hours. 

Tested at atmospheric pressure the life of similar 
cable is of the order of 20-200 hours at 350 volts per 
mil. There is therefore approximatdy a doubling of the 


Fio. 1 —Cboss 
Section op 500- 
000-Cm Single- 

CONDVCTOB 

Cable Tested in 
Steel Pipe 

long time breakdown voltage when the oil pressure is 
increased from atmospheric pressure to a pressure of 80 
lb per sq in. above atmospheric. 

Since any application of high pressure to cables in 
service necessarily would prevent the use of a simple 
lead sheath, the second test was run on a 45-foot length 
of cable, without lead sheath but provided with a 5-mil 
copper spiral shielding tape. This cable was drawn, 
untreated, into a length of steel pipe and provided with 
porcelain terminals. The physical dimensions are shown 
in Fig. 1. 

The cable was vacuum treated after installation and 
filled with the oil normally used on oil filled cable. The 
oil had a viscosity of 100 seconds Saybolt at 100 deg F. 
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Voltage was applied and held according to the 
schedule in Table II. 


TABLE II 


Kv 

Average stress volts per mil 

Hours (held) 

37.5.... 



46.7.... 



56.1.... 



65.6_ 


AO 

74.8_ 


1 Afi 

84.1. 




A (1-10) testing wave was used, i.e., one which ob¬ 
tained its crest value in 1 microsecond and diminished 
to cr^t value in 10 microseconds. The tests were 
conducted by starting with an impulse wave of 87 5- 
kv crest and increasing this value 2.5 kv between suc¬ 
cessive applications until a breakdown was indicated by 
a surge crest ammeter.** The results of these tests 
are shown in Table IV. 

TABLE IV—IMPULSE BREAKDOWN VOLTAGE IN KV 
1-10 MICROSECOND IMPULSE WAVE 


03.6.. 

103.0..... 


166 

166 


112.0 

122 . 0 . 


000 .. 

060.225 


131.0.. 

1*^-0..760. 


192 

1.4 


Fmlure occi^d at 750 volts per mil. Again the 
re^t was a dielectric strength double that to be ob- 
tamed at atmospheric pressure. 

Short Time Tests on Treated Paper Sheets 

The short time dielectric strength tests were mad A on 
sheets of treated cable paper, and were carried out over 
arrange of pressures. A small pressure tank was con- 
s^cted in which sheets of paper (total thickness 
U.016 in.) after previous treatment in oil, could be placed 
and tested under pressure up to 200 lb per sq in. Tests 
were made between 2-in. diameter disk electrodes, with 
^ges ro^ded to a 1/8 in. radius (A.S.T.M. electrodes). 

1 wo sOTes of runs have been made so far; first, a rapidly 
apph^ test in which the voltage was raised uniformly 
at 0.5 kv per second until failure, and second, a minute 
^p-up test starting at 40 per cent of the rapidly applied 
br^kdoi^ and increasing the voltage in 1 kv steps each 
held for 1 minute until failure. The results, expressed 

1 Siven in Table III, 

(the values given are the averages of 10 individual tests). 


Electrode 

No. 1 2 


Pressure 
Ib/sq In. 
gauge 


4 5 6 7 8 


Volts 
Aver- per 
3 age mil 


0....62,6 66.0 50.0 47.6 56.0 60 
30- 60.0 62.6 47.5 52.5 62.6 60 


62.6 50.0 47.6 61.0 3,400 
60.0 47.6 47.6 60.0 3,340 


60. 

90. 

120 . 

180. 


.47.6 60.0 
.62.6 65.0 


62.5 

60.0 


62.6 62.6 62.6 62.5 47.5 62.5 61.0 3 400 
46.0 47.5 52.6 50.0 55.0 60.0 50.8 3,380j 


.47.6 47.5 60.0 60.0 60.0 
.67.6 52.6 62.6 52.5 62.6 


50.0 52.6 62.5 60.0 60.0 3,340 
56.0 67.6 62.5 57.5 54.2 3,620 


4000 



J ^0 60 80 /OO 120 WO 160 lio 200 

Pressure- Pounds Per 5<| In. 6 aa 9 e Above Atmoephenc 


TABLE III 


Fig. 2 


Dielectric strength (volts per mil) 

I^ressure Ib/sq in. gaug e Rapidly appUed voltage Minute step-up 


0 

25 

65, 

60. 


66 

112 , 

172, 


.1,280 

.1,600, 

. 1,790 
. 1,670 

. 2 , 010 , 

2,190. 


970 

1,400 


1,650 

1.870 

1,990 


IMPULSE TESTS 


The impulse voltage tests were made on the same tj 
and thickness of t^ted paper samples, using the sa 
electrode and eqmpment, as were the short time te 
described above. 


C ““o" treated paper sheets 

^Rapl<fly appUed voltage test on oU treated paper sheets 
X>—Impulse voltage test on oil treated paper sh^ 


Conclusions 

These teste indicate that at power frequencies and 
imder long time application of voltage there is a con- 
aderable inaease in endurance strength of oil treated 
insulation at pressures of several atmospheres. Under 
impulse stre^, however, practically no benefit is 
denved from increased pressure. The effect of pressure 
on dielectric strength is greater the longer the time of 
VO tage application, being negKgible for the impulse 
voltage teste of only a few microseconds duration and a 
maximum for the long time endurance test. This is 
shown in Fig. 2. 
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THE LIFE OF IMPREGNATED PAPER 

(W HITEHBAD—SEE PAGE 1004) 

THE EFFECT OF HIGH OIL PRESSURE UPON THE 

ELECTRICAL STRENGTH OF CABLE INSULATION 

(Scott—see page 1013) 

ACCELERATED AGING TESTS ON HIGH VOLTAGE 

CABLE 

(Roper—see page 1028) 

A NEW METHOD OF INVESTIGATING CABLE 
DETERIORATION 

(Wyatt, Spring and Fellows—see page 1035) 

Wm. A. Dd Mar: The history of electric cables has resembled 
the rivalry of gfuns and armor plate in the Navy. As soon as a 
new gun or shell was developed a new armor plate was made to 
render it harmless, and then a newer gun or shell appeared which 
demolished the new armor plate and so on through many cycles. 
In the case of cables, higher working stresses and temperatures 
were the guns, ions the shells and ion-proof insulation, the 
armor plate. 

We have seen working stresses rise from less than 40 volts per 
mil to 200 volts per mil, we have seen ions of water or electrolytes 
replaced by ions of gas, and insulation of loose lattices of low 
density paper interspersed with air, replaced by tight walls of 
high density paper, air-free, as far as the eye can detect. 

This group of papers marks an epoch in the cable art because 
it marks a new cycle in the never-ending fight between the ion 
and the dielectric. Mr. Roper proves the need of removing the 
last trace of air, Messrs. Wyatt, Spring and Fellows show how to 
detect this air, and Doctor Whitehead tells us that the next step 
will concern the air entrapped inside the paper fibers, air not 
entirely removable by heat or vacuum treatment. 

By clearly showing the superiority of high voltage cables having 
low ionization, both in service and in load cycle life tests, Mr. 
Roper’s paper indicates that cables, which are practically gas- 
free behave better than those with a little residual gas. This is a 
very significant discovery and contrary to the general belief of a 
few years ago. It was then thought that a small amount of 
residual gas would be advantageous as a cushion to protect the 
lead sheath from stretching when the cable compound undergoes 
thermal expansion. Unfortunately, this residual air has proved 
to be a detriment to the life of the cable and cables had to be 
made which suffered their sheaths to stretch when heated and 
suffered vacua to form when cooled. There were two unexpected 
results: the operation of 66,000-volt cable had its troubles trans¬ 


ferred from the insulation to the sheath, and vacous ionization 
was found to be less objectionable than normal gas ionization. 

The new sheath stresses have led to intensive study of sheaths 
and to improvements in sheath quality. The comparative in¬ 
nocuousness of vacuous ionization remained to be explained. 
The following explanation is offered. Air films are permanent 
in relation to the paper and merely expand and contract in the 
load cycle. Vacua are not permanent but appear, disappear, 
and reappear in different places, each load cycle. The ionizar 
tion in air films, therefore, produces accumulative deterioration 
of the paper, while ionization in vacua is non-accumulative and, 
therefore, comparatively harmless. 

It would seem to be quite obvious that the value of a life test 
is greater, the more closely it approximates natural aging. It is 
not surprising, therefore, that Mr. Roper’s load cycle life tests 
should prove to be better criteria of quality than other tests less 
closely related to actual operating conditions. The more closely 
a life test approaches natural aging, however, the more expensive 
it becomes and one must weigh the advantages to be gained 
against the cost. In the present case, tiie cost of the proposed 
tests is very high and we should be very sure of the validity of 
our reasons, before adopting them as specification requirements. 

It would seem that an oil stability test combined with the low 
ionization values should serve for ordinary routine purposes, the 
load cycle life test being reserved for occasional check tests. 

The exact nature of the oil stability test is yet to be determined. 
The writer does not believe that it will be an oxidation test but 
rather like the present Electrical Testing Laboratory test for 

Xunder more carefully controlled conditions. . i., 

Messrs. Wyatt, Spring and Fellows have presented to cable 
workers a very valuable research tool and they are to be compli¬ 
mented for the completeness with which they have prepared it 
for use. Their paper, however, stops short of any important 
application of this tool and it is to be hoped that they will pro¬ 
ceed with its application to the problems of dielectric failure. 

The best starting point for research is usually where one’s 
experimental facts do not fit one’s theories. This point is found 
in the paper in the authors’ statement that the radial hydrophil 
curve does not always completely explain the radial power 
factor curve. The power factor curve of Fig. 12 is particularly 
interesting because it corresponds, in a general way, with ^e 
occurrence of dendrites in a single conductor cable with thick 
insulation. Dendrites originate, as a rule, about one-third of the 
way radially from the conductor surface, the very place where 
Fig. 12 shows the power factor to be a maximum. Various 
theories have been proposed to account for this, as follows: 

1. Impregnation occurs from both faces of the insulation and 
the inward-bound compound might be expected to meet the 
outward-bound compound at such a layer that the fluid resistance 
from it to the outside and the inside faces of the insulation would 
be equal. This would be somewhere within the inner half of the 
wall. The opposing sectors of compound would push the residual 
air before them with the result that there would be a concentra¬ 
tion of air where the opposing sectors meet. This air would 
ionize and deterioration would start. If this theory were correct 
the hydrophil curve should show a decided maximum at the oil 
meeting layers. Apparently it does not, so that this theory may 
be discarded. 

2. There is an energy-distance effect such as occurs in connec¬ 
tion with corona formation around high voltage wires. A certain 
distance is required for ions to be accelerated by the electric field, 
to the speed at which they can multiply by collision and within 
that distance there can be no ionization. 

A very considerable rise in power factor occurs, however, be¬ 
tween the conductor and the layers of maximum power factor, 
indicating that these inner layers are by no means devoid of 
destructive activity. We may therefore dismiss this theory. 

3. Under the first theory it was pointed out that the layer of 
TYiflvinmTn power factor and dendrite formation is situated about 
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midway of th.e thermal resistance of the dielectric. It can be 
deduced from the well known formulas that this internal mid¬ 
layer also is the layer of maximum thermal resistance from the 
thermal sink, if we consider conductor and sheath as being jointly 
the sink. If, therefore, a number of hot spots forms in a cable, 
those nearest the layer of maximum thermal resistance from the 
smk will develop the greatest temperature and hence the most 
serious deterioration. The power factor would be raised by the 
charring of oil and paper, but there would be no oxidation and 
hence no hydrophil reaction. This theory seems to fit the limited 
facts available. 

This discussion is not for the purpose of proving a theory but 
merely to indicate how the new tool might be used for researches 
into the origin of insulation failure. 

Doctor Whitehead tries to establish a linear connection be¬ 
tween the penetrative power of the oil and the life of cable under 
voltage test. While conceding that this relation exists for the 
higher penetrating powers, the data presented do not justify the 
conclusion that any such relation exists for the lower penetrating 
powers. Inspection of Figs. 7 and 8 rather indicates that for 
penetration powers under 8 x 10 the life is Quite independent of 
the penetrating power. Above 12 x 10 ■’* there are 6 points on 
the curves which clearly indicate the linear connection claimed. 

In other words, the applicability of Doctor Whitehead’s con¬ 
clusions to cable of the solid type is open to question, whereas he 
has given a very timely and important contribution to the theory 
of oil-filled cable. 

Tests made in our Yonkers laboratory with mixtures of cylinder 
oil and transformer oil, indicate that there is a certain critical 
mixture so that with more transformer oil, the cables behave as 
'*oiL-filled” whereas with more cylinder oil, they behave as 
^^solid.” All the solid cables had approximately equal test lives. 
We did not determine the lives of the cables of oil-filled type, as 
we discontinued the life tests when satisfied that they had the 
ordinary oil-filled cable characteristics. 

If this intei^retation is correct we must suspend our judgment 
on the relative, merits of napthene and paraffine base oils for 
oil-filled cables, as cable No. 113 would be deprived of support 
and would stand as an isolated case greatly in need of conftma- 
tion. Furthermore, we have some evidence that at higher tem¬ 
peratures the relative position of the two curves may be inter¬ 
changed. 

The drying and evacuation at such poor vacua as 2 mm of 
mercury, and impregnation. at such low pressure as used by 
Doctor Whitehead, are not calculated to give ideal impregnation. 
The excellent life tests obtained by Doctor Whitehead with 
! heavy oils are due probably, not so much to the thorough impreg- 

■ hSition as to the fact that the samples are not bent before testing 

■ (as with real cables). 

! Doctor Whitehead tentatively explains the superiority of thin 
oil by its superior penetrability into the fibers. If this were so, a 
cable made with paper preimpregnated with thin oil, drained and 
reimpregnated with heavy oil, would be superior to one pre¬ 
impregnated with heavy oil and reimpregnated with thjn oil. 
Such is not the case. Furthermore, heating a heavy oil cable to 
the temperature at which its viscosity equals that of a thm oil 
should leave it equal to a thin oil cable when it cools. This is 
not the case. The essential feature of an oil-filled cable appears 
to be the use of thin oil in the tape-edge spaces. 

Another pertinent fact is that an .oil-filled cable even with 
considerable air, preserves a decided superiority over solid-type 
cable. Such a cable tested at a voltage sufficient to ionize the air 
and become very hot, will long outlast a solid type cable without 
developing dendrites. All of these facts are entirely consistent 
with the ion-reaction theory advanced. 

Wm Atkinsons Publication of careful original research is 
multiplied in value by the accurate and concise presentation of 
the full test procedure and results such as has been done by 
Doctor Whitehead. With such pres^tation the results can be 


combined with other data without necessarily following the 
author’s formulation. Part of this discussion is to show an alter¬ 
nate formulation of Doctor Whitehead’s data. 

In the paper results are correlated by computing the life in 
each case at 400 volts per mil on the basis of the 8th power rela¬ 
tion between stress and time, that is, a simple hyperbolic rela¬ 
tion expressed by the formula g = (g being the stress, 

T the life and K and n constants). The inferred life by this 
calculation is many times the actual duration of the test. The 
, reader must not assume or understand that where the calculated 
time is greatly different from the length of time of the test, this 
type of formula can be used to determine, at all closely, per¬ 
formance. With solid type cables, this type of formula has been 
found of value in comparing performances of individual samples 
and has been used rather freely within a time range of a few 
minutes to a few hours. Where cables of a given lype are tested 
under such conditions that the total time to failure is of the same 
general order of magnitude for each, they may be compared effect¬ 
ively in this way. With cables having (Merent voltage-time 
characteristics, however, the relative strength arrived at in this 
way is of value only for a time interval of the order used for the 
last voltage step, and may bear no relation whatever to the rela¬ 
tive strength for some other time interval. For example, if we 
compare a given solid cable with a given oil-filled cable, we might 
find the one hour stiength the same for both but the 100 hour 
strength 1.6 or 2 times as high for the oil-filled as for the other. 

The ideal way to make tests so that accurate comparison is 
possible between different specimens is by. raising the voltage at a 
constant geometric rate. In this way, correct comparison may 
be obtained between the specimens regardless of the shape of the 
voltage-life curve of individual samples. A modification of this 
procedure which is more practicable in some cases is by raising 
the voltage in small geometrically progressive steps at constant 
time intervals. Approximately with the step test, and accurately 
with the constantly increasing voltage, the dielectric strength of 
different samples is given directly for the particular rate of in¬ 
crease of voltage used in the tests and no calculations are re¬ 
quired. For example, all tests made according to a program in 
which the voltage doubles in a given time, say 6 minutes or 6 
<Iays (by geometric increase), would be directly comparable. The 
writer hopes to see such a procedure to become established prac¬ 
tice in making dielectric strength tests. 

Where the voltage is increased in steps, the most accurate 
compar^on of the tests can be made by evaluating the results so 
as to obtain as closely as possible the stress that will break down 
the samples in a time of the order of the time used in the last 
voltage step. By using this time interval, the error resulting 
from lack of accurate knowledge of the shape of the voltage-time 
curve is reduced to the lowest amount. It may also be shown 
mathematically that errors resulting from averaging tests 
evaluated in this way are much less than those produced by 
averaging tests evaluated in terms of time. 

Consideration may be given here as to the voltage-time 
characteristics that may be obtained on samples such as those 
tested by Doctor Whitehead. Figure 1 shows the results of tests 
made in our laboratory to compare the electrical behavior of 
various oils by means of breakdown data on short cable samples 
all cut from the same length of dry core and impregnated in the 
desired oils in sets of 6 or 8 or more samples. The samples com¬ 
prising a set were stripped to different thicknesses of insulation, 
the entire set being submitted to the same voltage, thus each 
sample being tested at a different stress, each being tested until 
failure. We were thus enabled to construct the stres^life curve 
for each kind of oil in the time range between a few minutes and 
600 hours. It will be noted that in all cases except one, the curves 
when drawn on log-log paper with life as abscissa and stress as 
ordinate are concave upward, which means that a simple hyper¬ 
bolic relation does not express the characteristics for any wide 
time range. For a short tirne range such relation can be used 
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satisfactorily, the exponents being found here to range between 
35 and 100 (except for the one ease) in the vicinity of 10 horns life. 
In view of the character of our samples and those of Doctor 
Whitehead and in the absence of other specific data, we are 
inclined to believe that for Doctor Whitehead’s samples the 
exponent would fall in the same range. 

We have therefore recalculated and replotted Doctor White- 
head’s data in terms of dielectric strength versus penetrating 
power, (see Fig. 2). Two sets of curves are given, one plotted on 
the basis of the 80th power and one on the basis of the 20th power, 
the time in each case being 10 hours. The maximum difference be¬ 
tween strengths evaluated in these two ways is 5 per cent, and it 
will be noted that a satisfactory comparison is obtained between 



the two types of oil by using either exponent. A satisfactory 
comparison also would be obtained if the 8th power were used. 
It should be pointed out, however, that due to the different 
average time at the last step for the samples with lower strength 
than those with higher strength, the upper part of each curve is 
not directly comparable with the lower part and no method of 
comparison of these samples can be precise without knowledge 
of the shape of the voltage-time curve for these samples. 

Only a synopsis can be given here of the reasons for the greater 
accuracy with which such data can be compared on the basis of 
voltage for a given time rather than time for a given voltage. It 
should be understood, however, that the voltage evaluation not 
only is more accurate than the other, especially where the 
voltage-time characteristics are not known accurately, but also 
gives a direct and concrete interpretation of the test data rather 
than an abstract mathematical statement. 

Mr. Wyatt has presented several new tools that should be 
very useful. To illustrate the importance of the method of 
measuring dielectric loss tape by tape, the writer refers to the 
fact that we have frequently measured the loss of the entire 
thickness of the dielectric and have then measured successively 
portions remaining after outer layers have been removed. This 
incomparably is less accurate and permits the division of the 
dielectric into three or four parts at the most. To have developed 
the very simple and rapid procedure described and to have shown 
it to be accurate and reproducible is a very valuable accomplish¬ 
ment. 

The subject of effect of hydrostatic pressure on the dielectric 
strength of oil-saturated paper reported upon by Mr. Scott is 
due to receive more attention both for its direct application and 
for its aid in the theory of dielectric behavior. Mr. D. M. 
Simmons and the writer presented some data of this kind in 1931.^ 
This was given in connection with the description of condenser 
joints ahd had reference to the dielectric strength parallel to the 
surface of the paper, which is an important item in jointing and 
terminating of cable. As might be expected, the effect of pressure 
is numerically different under these conditions than perpendicu¬ 
larly to the surface of the paper as in Mr. Scott’s tests. In our 
tests no indication was found of variation of strength with varia- 

1. Oil Filled Cable and Accessories by B. W. Atkinson and D. M. Simmons, 
Tbans. A.I.B.B., Dec. 1931, p. 1421. 


tion of time of application of voltage within the limits of one 
second to 30 minutes. The effect of pressure was to increase the 
breakdown strength as something like the l/8th power of the 
absolute pressure in the range of pressure used'. In comparison, 
Mr. Scott’s results on tests normal to the paper layers, showed for 
the longer test intervals, doubling of the strength for the pressure 
increase from 1 to 6 atmospheres. This corresponds to a gain in 
strength of something like the 0.4 power of the absolute pressure. 
We also observed that the “spread” of results for different sam¬ 
ples tended to become smaller as the pressure was increased and 
that the stress became decidedly smaller as the space between 
electrodes was increased. AU of this is in line with Mr. Scott’s 
suggestion that occluded gaseous films explain the . variation in 
strength with pressure. 

W* F« Davidsons Mr. Roper’s paper deals with methods 
applicable to complete cables. The method of accelerated aging 
tests seems to be particularly effective, and it is to be hoped that 
further work will be done along the same line with cables of other 
types. The results so far obtained are very helpful in evaluating 
the effectiveness on acceptance tests of hew cable and appear to 
be helpful as a type test in connection with the rating of cable of 
new designs or construction. 

Messrs. Wyatt, Spring, and Fellows have approached the 
general problem from an entirely different angle; namely, that 
of finding out just what is happening in the various parts of the 
cable. They have gone along an entirely new path and the reports 
of their reconnaissance are most encouraging. We are now in a 
position to add some quantitative measurements in a field where 
previously it has been possible to do only the crudest type of 
qualitative work. Through the methods described we appear to 
be well on the way to a more complete understanding of just what 
is happening in a cable as it deteriorates. With this information, 
it will be possible to approach the cable design problem and make 
a more intelligent attack directed toward eliminating deteriora¬ 
tion. The writer commends the methods to other investigators 
and urges that they apply them to a wide range of cable types and 
conditions. 
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Herman Halperint As the thicknesses of insulation in tinder- 
ground cables are reduced, the problem of having ample impulse 
strength becomes increasingly important. For example, for 66-kv 
cables of the ordinary type, the impulse strength of the insulation 
i,s now about 4 times the maximum surge voltage that may occur 
incidental to switching. However, as indicated by Mr, Scott’s 
work and other data, increasing the long-time strength of insula¬ 
tion by the use of pressure or of the oil-filled principle and thereby 
reducing the required insulation thickness by 60 per cent means 
the ratio of impulse strength to operating surge voltages is re¬ 
duced from 4 to 2, or less. Probably this ratio of 2 is satis¬ 
factory, but nevertheless the situation indicates a limit on reduc¬ 
tions of present types of insulation, unless changes are made in 
switching arrangements. 
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As the 'Writer has information indicating a unit impulse 
strength of insulation in cables of about 30 per cent less than the 
value obtained by Mr. Scott on a few flat sheets of impregnated 
paper, it would be interesting to learn if he has correlated his 
results with impulse tests on cables. 

Doctor Whitehead’s valuable article would still be more 
interesting if he had made tests on effects of various oils in 
samples impregnated similar to the so-called solid type cables. 

Regarding his statement that “no compound of outstanding 
resistance to ionization has been found,*’ tests on compounds 
and on completed cables, and operating experience indicate that 
there has been in many cases a very large improvement in this 
resistance characteristic of compounds used in the past 10 years. 

In 'view of his statement that the penetrative power of oil and 
the life of the impregnated paper insulation increase 'with the 
square root of the effective capillary radius of the paper, it might 
be concluded that the life of impregnated paper insulation in 
cables would be higher with low density paper than with high 
density paper. On the other hand, in recent years there has been 
a tendency to use high density paper particularly adjacent to the 
conductor. The limited data received by us in short and long 
time high voltage tests indicate that the unit breakdown strength 
is increased slightly by the use of the higher density paper. 

In the manufacture of cables of the ordinary type, there has 
been a distinct tendency during the past 8 years toward the use 
of less viscous compounds, which is in agreement with the results 
of Doctor Whitehead’s research. 

In connection 'with condusion 4, further research on the effect 
of the chemical structure of the oil on the life of impregnated 
insulation would be of interest. 

The methods of test described by Messrs. Wyatt, Spring and 
Fellows are very valuable because examination of dissected cable 
insulation has shown in all cases the deterioration, if any, in the 
insulation is very irregular across the radius of the cable. Tests 
on the cable as a whole do not give the detailed picture that 
these new methods 'wiU give. The Commonwealth Edison 
Company is constructing an apparatus for measuring the power 
factor of several small portions of individual tapes. 

It would be of interest to know the relation between the aver¬ 
age power factor of the indmdual tapes and the power factor 
of the cable insulation before it was dissected. The authors 
report that they used a stress of 50 volts per mjl in the tests on the 
indmdual tapes and the "writer would like to know whether, with 
this high stress in tests in air, there were any signs of ionization. 

The discussion of the possible sources of entrance of oxygen 
to cause the localized regions of high hydrophils is interesting, 
but it appears that more work is necessary in order to establish 
more definitely the mechanism of entrance of oxygen into the 
insulation. 

Fig. 9 indicates that there is no consistent relation between the 
amount of wax in insulation and the percentage of hydrophils. 
This lack of correlation seems reasonable, as wax formation is a 
polymerization process while hydrophil formation is an oxidation 
process. However, wax formation still is considered undesirable 
in cable insulation because of the increase in ionization which 
^companies it. Therefore, while conclusion 2—that oxidation 
is a major cause of deterioration of solid type cables in service— 
is true, it should not be concluded that oxidation has replaced 
ionizati,on and polymerization as the major cause of failure in 
high voltage cables of the ordinary type. ' ■ 

Regarding conclusion 4, that ionization, as indicated by wax 
deposits, does not appear to cause sharp increases in dielectric 
losses, we have found that with 66-kv cables that have de¬ 
teriorated in service or in accelerated aging tests the increase in 
ionization loss is considerable in many cases; that is, increases of 
one-half to one and a quarter per cent in power factor have been 
found. In most eases, the increase in so-called solid loss was less 
than the increase in ionization loss at room temperature, while 
the reverse was true at elevated temperatures. 


It is stated in the paper that the -viscosity of the oil was found 
to vary across the radius of the cable. How were these viscosities 
determined? 

F. M. Clark: With reference to Doctor Whitehead’s paper 
the writer is particularly pleased to report substantial agreement 
based on the work done at Pittsfield. Some 4 or 5 years ago, we 
realized the necessity of investigating those factors that were 
fundamental in the manufacture and use of mineral oil as a 
dielectric, especially for use as an impregnant of fibrous insula¬ 
tion. Although our scheme of attack was quite different from 
that which Doctor Whitehead has followed, our conclusions in 
the main are substantially the same. For instance, we observed 
that a considerable variation in the life of oil-impregnated paper 
was obtained when no other factor than the type of impregnating 
oil was changed. This agrees -with Doctor Whitehead’s con¬ 
clusion 1. The life of our impregnated papers seems to bear no 
relation to the dielectric loss either initially or as estimated by 
power factor values during the life test. This agrees with Doctor 
Whitehead’s conclusions 2 and 3. Doctor Whitehead has further 
concluded that the origin of the oil is of significance in determin¬ 
ing the life of the impregnated paper. We agree. 

It is -with conclusions 6 and 6 that our research work varies 
somewhat in nature from Doctor Whitehead’s scheme of attack, 
although here again we reached somewhat the same conclusions. 
We observed in our work, which we hope to present in the near 
future, that in every case of insulation failure on life test clear 
evidence of gas elimination in the period immediately preceding 
failure was obtained. This did not necessarily result in the so- 
called wax formation. Our conclusion was that in the type of 
breakdown with which we were dealing, at least, gases were 
eliminated from the oil because of phenomena which we desire 
to discuss in future publications, the details of which space does 
not allow us to present at this time. With this gas elimination, 
ionization and dielectric failure soon resulted. It may be that 
this gas elimination was of a thermoelectric origin somewhat 
in the manner that Doctor Whitehead suggests. There is, how¬ 
ever, some evidence that the cause of gas elimination is not 
strictly a thermoelectric phenomena. 

Doctor Whitehead, as a result of his work, emphasizes the 
importance of the capillary constant. In our work we emphasize 
the chemical constitution of the oil. It may bo that an oil meet¬ 
ing the chemical tests which we have set up would possess high 
penetrative powers. If so, our work would again be in complete 
agreement with Doctor Whitehead’s. 

However, has Doctor Whitehead determined whether the 
capillary constant for different oils would be affected if it were 
determined under a vacuum rather than in contact with air? 
Also, has Doctor Whitehead determined if an oil having highly 
favorable “penetrative power” -with wood pulp paper possesses 
the same favorable characteristics with other grades of paper 
such as linen or cotton? 

Doctor Whitehead probably is correct in stating that the 
“specifications for a cable oil are limited usually to values of 
low voltage d-c conductivity, power factor, dielectric strength, 
aging xmder temperature as measured by conductmty and power 
factor, and viscosity ...” He will be interested to kno-w, how¬ 
ever, that as a result of the researches which we have completed, 
our insulating oils, including cable oils, are inspected closely for 
their paper-impregnation characteristics and the stability of the 
resulting impregnated paper under voltage at a higher than 
room temperature ambient. 

It is observed that 'the life tests described in Doctor White¬ 
head’s paper are carried out in contact -with air. The writer 
asks if any data are at hand which would lead to similar con¬ 
clusions as those enumerated if life tests were carried out in the 
absence of air (simulating cable practice). 

Robert J. Wiseman: Heretofore, we have been concerned 
with the kinds of paper or oil we should use, how they affect the 
physical and electrical characteristics, such as tensile strength, 
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folding en.diiran.oe, dielectric strength and dielectric loss. Tests 
reported by utilities, testing laboratories such as the Electrical 
Testing Laboratory and the manufacturers have shown a steady 
improvement up to a few years ago and then very little change. 
With the better understanding of cable characteristics, a more 
intelligent manner • of operation took place and although the 
utilities attempted to get all the power load possible out of a 
cable, they did not desire to do so and at the same time, sacrihce 
operating efficiency. A study of operating records indicated that 
failures in service when class^ed were about 20 per cent at¬ 
tributable to inherent causes. To reduce these, it was necessary 
to go further than the tests made at the factory or the acceptance 
tests on installation to find out why cables failed. This introduced 
the so-called accelerated aging tests. It is not new. It has been 
used for many years, at least 15 years in England. So far it is 
still in the early stages of application in this country. Mr. Roper 
has very clearly outlined the development stages passed through 
to improve impregnated paper cables, and finally why he arrived 
at an accelerated aging test. Mr. Roper refers to the change 
from greases to heavy oils as the reason for improvement in 
dielectric strength. The writer believes it is not only the change 
to heavy oils, but also the introduction of wood pulp paper of 
fairly high air resistance in place of manila hemp paper which 
everyone now knows is not satisfactory. Here again, we have 
introduced English practice. 

Since 1926 the quality of oils and papers has greatly improved. 
The encouragement given in Mr. Roper’s paper is shown in the 
various plots where he compares the voltage-time, power factor 
tests, and ionization factors for cables manufactured from 1926 
to date. The quality of 66-kv cables has greatly improved and 
it is wished that Mr. Roper could have made his accelerated aging 
tests on cables of a later vintage than 1926 where in aU proba- 
bilifiy he would have obtained even better results than he ob¬ 
tained on the 1926 cables and have even more faith in the value 
of these tests. 

. The curves showing the improvement in power factor and 
ionization factor with year of manufacture are particularly signifi¬ 
cant, in that, even in the short time of 7 years, a big advance has 
taken place in the quality of the insulation furnished. 

As a result of aging tests made by some of us and reported to 
other meetings of cable engineers it appears that we shall go even 
further than heretofore in using stiU thinner mineral oils, particu¬ 
larly for the higher voltage cables, such as Mr. Roper has re¬ 
ported. This becomes necessary if we are to continue using 
solid type cables for 66-kv and obtain the long life expected. 

With the improved quality of insulation which the cable 
manufacturers are furnishing today by reason of improved 
processes of manufacture and better materials—^paper and oil— 
a new nightmare has arisen to confront the cable manufacturers, 
namely, the increasing number of cable failures due to lead 
sheaths. Mr. Roper calls them ‘'lead sheath troubles.” The 
writer likes to view them as operating troubles. In our desire to. 
improve the quality of our cables we did not pay as much at¬ 
tention as we should to the lead sheath, devoting our time to 
improved insulation, so that the insulation research went ahead 
faster than the lead research. We use lead as the protective 
covering—a low tensile strength, ductile material has no yield 
point, and with constant stress, wiU stretch. In our cables we 
now have so much oil and almost an absence of voids that with 
the heating up of the cable, the oil expands and produces ex¬ 
tremely high internal pressures—as much as 116 lb per square 
inch at the conductor and 80 lb per square inch at the sheath. 
The lead cannot withstand this pressure and will expand. Re¬ 
peated load cycles with migration of oil from the joints ijnto the 
cable causes cumulative expj^ion, the sheath splits, oil drains 
out and the cable fails. If the deterioration of the insulation is 
not given as the reason for the failure, the lead is condemned as 
defective. Actually the lead sheath originally was too thin and 
not able to withstand the internal pressure. The cause of failure 


is assignable to operation and not to quality of cable. We are 
now realizing that lead has its physical limitations and the recom¬ 
mendation to increase the thickness of lead sheaths for the larger 
diameter cables should be emphasized. We never hear of lead 
sheath troubles for small diameters such as 1 to 2 in., but 2.6 in. 
and over. The story Mr. Roper refers to could not bo written or 
told if we had increased lead walls. 

Doctor Whitehead seems to have drawn upon all bis studies 
to state his conclusions. His results give us an inMing as to what 
we should get eventually for paper impregnated insulation. 
However, we must not hope for too much from some of the oils 
which he indicates are superior to others. His tests are made 
under ideal control conditions which must be so, if we want to 
classify oils properly, but the final answer will come when we 
make up cable and then conduct accelerated aging tests on it such 
as Mr. Roper has done or some other way, in order to introduce all 
influencing factors. The conclusions of Doctor Whitehead are 
due to his manner of testing. 

Doctor Whitehead’s samples are metal rods carefully hand 
wrapped, perfect control for drying and impregnating, no chance 
of bending to upset the position of the papers and as they have a 
veiy thin wall, he does not get the gradation in saturation likely 
to. occur for heavy walls. Also,, he did not make temperature 
cycle tests to aflect the uniformity of impregnation. If we always 
keep in mind that he refers to well impregnated paper, he is cor¬ 
rect, but in our ordinary type of cables, this exists for only a few 
load cycles. Therefore, dielectric loss, power factor, and its 
changes as noted by ionization are big influencing factors on the 
life of cables. 

. Doctor Whitehead reports that he found no wax in his samples, 
but did find gas. We believe if he had continued his tests at the 
lower voltages and, therefore, for a long time, wax would have 
formed in the time period between the generation of gas and 
breakdown. A much longer time of test is needed than was used 
by Doctor Whitehead to find out if the oils will wax. 

Roughly, Doctor Whitehead confirms the belief of some of us 
that the lighter oils are preferable to high viscosity oils for high 
electric stressed cables and as we get to know more about them, 
there will be an increasing tendency to use them. 

Years ago, when we did very little time-voltage testing, rather 
rising voltage tests, the writer could not appreciate thermo¬ 
electric theory, believing it to be a pure electric ionization 
phenomenon. Today, with all of our tests, whether on rubber, 
varnished cambric or paper—a voltage-time test, the wrriter stiU 
believes it is an ionization phenomenon but thermo effects result, 
changing the original electrical character of the dielectric, giving 
the appearance of a thermo effect only. It is doubted that there 
can be breakdown due to heating by voltage without considerable 
ionization. 

The paper by Mr. Wyatt and his associates describes a new 
tool for aging tests. It seems as if it is an adjunct to our present 
accelerated aging test method, in that, with our long lengths and 
load cycles, we study the uniformity of the insulation longi¬ 
tudinally and finally get failure at the weak spot. After-we have 
completed the current-voltage-time test we can take the. author’s 
test for hydrophil number and power factor of the insulation and 
note how they have changed as compared to the cable when new. 
This will be a measure of how the cable deteriorates radially. It 
win be necessary to gather considerable data from both test 
methods in order to correlate them so that we do not over¬ 
emphasize what a high hydrophil number indicates nor how the 
power factor changes, i, «., how shall we interpret a wide range in 
hydrophil number or wide changes in the power factor across 
the insulation with the expected life in the cable. 

Mr. Scott’s paper is of particular interest. Nearly 3 years ago 
when we were conducting our first accelerated aging tests, we 
noted the migration of the oil in the insulation leaving voids within 
the latter and not next to the conductor or the sheath. We also 
noted the high pressures that are developed when the load is 
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thrown on (115 lb per square inch in 15 minutes) and how quickly 
again a vacuum will be created (20 in. in half hour) when the 
load is taken off. Neither the pressure nor the vacuum are 
beneficial to the cable and, therefore, should be eliminated. AIs^ 
we did not like the abuse the lead sheath received due both 
pressure and vacuum. Why not get rid of both effects. Put th€ 
cables without lead into a pipe, fill the pipe with oil and lead 
troubles are eliminated. By putting on a high pressure, you will 
never create voids and any further increase in pressure can be 
.taken care of. Mr. Scott confirms some of our own studies on 
the improvement in dielectric strength of insulation. We have 
gone further and carried out elaborate accelerated aging tests 
• in our laboratories on high oil-pressure cables in steel pipes, com¬ 
bining current and overvoltage, and demonstrated most satis¬ 
factorily that here lies the future high voltage cable, as it has 
thermal and electrical characteristics far superior to both solid 
and oil-filled cables and at the same time, simplifies the installa¬ 
tion of a cable system with a minimum amount of maintenaaoe. 

‘ Hubert H. Races I was particularly pleased with Doctor 
Whitehead’s conclusions (5) and (6) because our experience also 
indicates that electrical failure of oil impregnated paper normally 
is thermoelectric in character. We feel that breakdown is pre¬ 
ceded by ionization in a gas phase. In cables this ionization may 
occur in residual air, CO 2 or water driven out of solution by 
changes in temperature and pressure or even in vapors of light 
fractions of the oil itself if local temperatures are high enough and 
gas'pressures low enough. For this reason the ability of the oil 
to' wet the paper fibers is very important since the smaller the 
attraction of the oil for the cellulose, the easier the formation of a 
gas layer at the oil-ceUulose interface. This wetting ability 
•directly is r^ated to “penetrative power” measured by Doctor 
Whitehead although the surface tension measurements give oil- 
!air rather than oil-cellulose interfacial tensions. About 2 years 
•ago, we tried to find a convenient means for measuring oil-cellu¬ 
lose interfacial tensions, tut with little success. However, we 
jfeel that hydrophil content of an oil is a measure of the consti- 
ituents which would have an affinity for paper and would, there- 
iore, give wetting properties. If Doctor Whitehead still has 
unoxidized portions of the oils used in his investigations it might 
be very interesting to compare their hydrophil content with the 
other properties that he measured. 

j In discussing the paper by Mr. Scott the major advantage of 
.high pressure cable is that it may be possible to increase operating 
voltage gradients in the oil-paper insulation. There is one dis¬ 
advantage, however, which cannot be overlooked and that is the 
•fact that the dielectric loss per unit volume of the insulation in¬ 
creases as the square of the voltage gradient. In the 132-kv oil 
filled cables, the dielectric loss already is an appreciable per¬ 
centage of the allowable copper loss as shown by case (1) of the 
accompanying table. For comparison, rough calculations have 
been made for the following assumptions involving doubled 
voltage gradient. In case (2) the same physical dimensions have 
been retained, but the operating voltage is doubled. In case (3) 
the same operating voltage has been retained, but the thickness 
;of the instilation has been reduced so that the gradient is doubled. 
The .same total watts loss per foot of cable in each case has been 
assumed. 

T.^LB I—OOMPARISON OP LOSSES AT DOUBLE GRADIENT 

’ (1) (2) (3) 

.Dielectric loss (watts per ft) . 1.02. 4,08. 1.8 

Copper loss (watts per ft). 7.12*._4.06.6.34 

Totol loss (watts per ft). 8.14. 8,14.8.14 

Allowable current (%/i)..100.00.76.00.94.00 

: Both of these assuined conditions show that the dielectric loss 
is far from being negligible, in fact in case (2) it becomes equal to 
the copper loss so that the current must be reduced to 76 per cent 
of case (1) in order to prevent overheating. This brief survey 


indicates that if higher electrical gradients are to be used in 
cables, either the current carrying capacity must be reduced or 
higher operating temperatures must be allowed, or the oil im¬ 
pregnated paper must be improved so as to decrease its power 
factor. 

Messrs. Wyatt, Spring and Fellows shoiild be congratnlated 
upon the development of tools for measuring electrical and physi¬ 
cal properties of dissected cable layer by layer. We have done 
considerable work on the power factor and hydrophil content of 
cable oils imder different conditions and our results agree in 
general with the conclusions stated in this paper for actual cable 
samples. There are several detailed comments made in the 
following; 

X. It might be possible to develop another tool for use in this 
layer by layer study, namely, the analysis of gases absorbed in 
the oil in different layers of a cable. Some form of hollow steel 
needle could be inserted axially between layers of a freshly cut 
cable section, and a small portion of oil could be drawn into an 
evacuated chamber and the gas so liberated could then be 
analyzed. A rough estimate indicates that if the oil contains 
1 per cent of gas by volume, 0.1 cc of oil would be the minimum 
quantity from which to obtain gas enough to be analyzed by 
microanalysis. By improving existing methods and using both 
McLeod and Hale-Peroni gages for gas pressure measurements, 
it might even be possible to determine the water content of oil in 
cable in this manner. The authors state that there is need for 
such determinations and that no method is now available. 

2. The author’s explanation of so-called U curves of hydrophil 
content and power factor plotted against radial thickness of 
insulation seems to be that oxygen migrates along the core and 
sheath and thence radially through the insulation so that the 
maximum amount of oxygen and, therefore, the maximum change 
occurs in the layers of paper nearest the core and sheath. This is 
certainly a possibility and perhaps a probable explanation, but 
there is a further thought. Even though the oxygen distribution 
were uniform throughout the volume of the insulation, the 
catalytic action of copper and lead would result in a concentrcu- 
tion with time of oxidation products in the oil nearest the core 
and sheath. 

3. The authors observed that “most of the oxidation products 
are concentrated in the oil within the paper tape rather than in 
the excess interlayer oU on the outside of the tapes.” It appears 
to the writer that the rather obvious reason is that these products 
are polar and are attracted definitely to and become adsorbed 
on the paper fibers. This very property makes them valuable 
from the standpoint of electrical endurance. 

4. The authors report hydrophil content in per cent. This 
practice seems very questionable because it involves arbitrary 
assumptions as to both the cross sectional area and the molecu¬ 
lar weight of the molecules that have an affinity for water. 
In a complicated hydrocarbon, mixture like mineral oil, the 
hydrophilic molecules may vary widely in section and weight so 
that only average values are determinable at best. Instead of 
making arbitrary average assumptions for these two quantities, 
it seems much better to report hydrophil content as sq cm area of 
film per gram of oil, which gives the actual area of spread per 
unit quantity independent of molecular size or weight. 

D. W. Ropers Doctor Whitehead says; “for increased cur¬ 
rent capacities, higher voltages, and higher temperatures, the 
oil-filled cable is indicated clearly and probably will find wider 
use as its cost is reduced and its ultimate possibilities are explored 
more completely.” 

There was installed recently in Chicago a 66-kv single con¬ 
ductor line of underground cable having a carrying capacity 
of 100,000 kva as the summer rating. This cable had the so- 
called “solid” type of insulation because its cost installed was 10 
per cent less than a line of oil-filled cable of the same capacity. 
The oil-filled cable of itseK costs less than cable with the solid 
type of insulation, but the cost of stop joints and oil reservoirs 
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still is so high that with the increased labor cost of installing the 
oil-filled cable, these items more than offset lower cost of the 
cable itself. In spite of the fact that the prices of nearly every¬ 
thing else on the market have been reduced in the past 4 years, 
the price of these oil reservoirs has shown an upward trend. 

In order to get the benefit of the higher permissible operating 
temperature of oil-filled cable, either the cable must be installed 
in separate conduits, or other cables in the same conduit must be 
derated to prevent their maximum temperature exceeding safe 
limits. These latter conditions wiU remain, even if the oil 
reservoi;rs and stop joints are reduced in price. These com¬ 
mercial considerations indicate the desirability of continuing the 
studies on the solid type of insulation with a view to its further 
improvement and reduction in its cost. 

At the time that Doctor Whitehead’s life tests were started, 
the accelerated life test, that is, the continuous application of 
voltage several times normal, was the best known method for 
the purpose. As he states, his samples have a degree of impreg 7 
nation quite unattainable in commercial practice and the stresses 
during test range from 7 to about 12 times the maximum stresses 
used in commercial practice. Recent investigations indicate that 
a lower maximum voltage continuously applied, with load cycles, 
gives results that correspond more nearly with the service ex¬ 
perience and, further, that the relative stability of various tsrpes 
of insulation under such accelerated aging tests is a more valuable 
method of comparing different types of insulation than their life 
at constant temperature. 

Kenneth S. Wyatts Doctor Whitehead has succeeded in 
sufficiently controlling the many variables so as to bring order 
out of chaos and establish a definite relationship. The depen¬ 
dency of life upon the penetratiyity of the compound, together 
with the method for determining penetrativity, constitute a 
valuable contribution which cannot help but influence practice. 

In the introduction, the inference is made that the breakdown 
studies find application in oil-filled cable operation. Such an 
inference appears doubtful for three reasons: First, breakdown 
is not a problem i?i oil-filled cable operation since ionization has 
been practically eliminated; any reasonably good insulating oil of 
correct viscosity would probably be entirely satisfactory as far 
as breakdown is concerned; only when the insulation thicknesses 
are reduced would breakdown characteristics become important, 
and even now tests have been reported where the insu^tion has 
been reduced nearly 50 per cent without any sign of breakdown 
troubles. Secondly, oil-filled cables are fairly thoroughly de¬ 
gassed, whereas it is probable that Doctor Whitehead’s samples 
contained dissolved gas. The breakdown characteristics of oils 
are influenced to a great extent by their dissolved gas content, 
and Doctor Whitehead himself has shown that the life of oil- 
impregnated paper insulation is greatly influenced by residual 
gases. Although the samples were degassed at time of impregna¬ 
tion, they were placed in a bath of oil exposed to the atmosphere. 
F. M. Clark has shown {JL Franklin Inst, Jan., 1933) that air 
diffuses very rapidly into shallow baths of oil; his results un¬ 
doubtedly were influenced considerably by convection currents, 
and it is probable that the same factor would operate to dissolve 
gas in the oil to a much greater extent in the case of Doctor 
Whitehead’s experiments where a pronounced temperature 
difference obtained (40 deg to 80 deg C oil and air at room 
temperature). Perhaps we can assume that the oil bath in which 
the samples were submerged was air-saturated; the degree of air- 
saturation of the insulation under test would then depend on the 
amount of gas diffusion through the holes in the inner and outer 
electrodes and at the guard ends. Thirdly, is it not probable 
that at such exceedingly high stresses as 500, 600, and 700 volts 
per phenomena occur which do not enter into consideration 
at operating stresses of 100-150 volts per mil? For instance, it 
has been suggested that a secondary ionization occurs in the gas 
films condensed along the fiber surfaces; such secondary ioniza¬ 
tion might only occur at very high stresses, say 600 volts per 


mil or over, although at 200 volts per mil it would not be a factor. 
Some such effect may be indicated by the curves of Fig. 3. The 
increases of power factor with voltage of oil 102 may not represent 
an accelerated effect, but may indicate an aging that is entirely 
absent at lower stresses. The point of this discussion is that there 
is considerable question about applying many of these breakdown 
results to operating cables. The work described has evidently 
been well directed and carried out; we appreciate that researches 
of this type are essential to feed the more practical studies, but 
believe '^at at present it is unwise to attempt to interpret these 
results so as to make them directly applicable to practice. 

Fig. 3 shows a continual increase in power factor with hours of 
aging for several of the naphthene base oils. May this not be due 
to oxidation or oxidation in the presence of ionization? The 
initial values of power factor for these oils are higher than the 
other oils, indicating perhaps that they contain unsatturates 
which have combined with oxygen since the refiniog process. 
The longer life of these oils might be explained as due to the 
presence in the oils of unsaturates according to the following 
speculative theory: Most theories of breakdown hold that 
cumulative ionization takes place in the gas phase in some stage 
of the failure. Those oils that evolve large quantities of gas when 
subjected to ionization should tend to fall more readily than 
those oils evolving smaller amounts of gas. Our studies of the 
effect of structure on gas-evolving properties of oils under cathode 
ray bombardment indicate that the greater the unsaturation, the 
less the gas evolved. It would be interesting to learn whether 
Doctor Whitehead’s longer-lived oils contained any appreciable 
amount of unsaturates that would take up gas liberated by 
ionization from the more saturated portions of the oil. It is 
unfortunate that no data are available as to the probable struc¬ 
ture of these oils; even iodine and sulphuric acid values would 
give some idea of the content of unsaturates. 

In the study of the effect of structure on breakdown it would 
be highly desirable to work with synthetic oils typical of several 
classes of structure. The methods by which these oils may be 
produced have only recently been developed. One advantage of 
these oils is that they may be obtained pure and free from the 
sulphur that is present in most natural oils even after refining. 
It must, of course, be realized that even when structure has been 
related to electrical breakdown it may be difficult to select 
satisfactory natural oils for service unless* we have means of 
determining their structure. 

Although it is true that considerable effort has been expended 
in studying wax formation and allied phenomena referred to in 
the introduction, usually such studies have formed only a part 
of general cable investigations. Doctor Whitehead finds little 
encouragement in the results of wax studies in producing new or 
improved types of cable. However, it should be emphasized 
that many of the ionization studies have had as their object not 
only the selection of resistant materials but of learning more of 
the nature of ionization and the mechanism of the changes which 
it causes in oils and papers. Solid type cable will hold its place 
for high voltage transmission up to 66 kilovolts for a long time to 
come; hence a clear understanding of the deterioration processes 
is essential to improved operation. Not all are as sure that oil- 
filled cable is the complete answer as is Doctor Whitehead. It is 
common experience in making improvements that when one 
trouble is suppressed another may become more pronounced. 

In conclusion, the problems of high tension insulation are so 
involved that it will only be by attacking them along a number 
of different lines that a complete solution wiU be obtained. It 
is of the highest importance to the industry in general that these 
researches be sustained. One of the most vital of such researches 
is Doctor Whitehead’s undertaking; it is greatly to be desired 
that funds wiU be forthcoming for its continuance. 

H. A. Dambly: Mr. Roper concludes that loading is one of the 
important factors effecting the stability of cable insidation, and 
points to the necessity for including actual loading cycles com- 
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bined with, voltage tests if long-time performance of the insulation 
is to be predicted. He supports this conclusion by citing operat¬ 
ing experience with heavily and lightly loaded lines. 

Operating experience with the OG-hv cables of the Philadelphia 
Electric Company supports the view expressed in regard to the 
importance of loading. The following table shows the record of 
failures attributed to insulation defects or deterioration for three 
instaUatious. Each consists of single conductor 750,000 cir mil 
cables of the so-oaUed solid type, the first (6601r6602) having 938 
mils of insulation (30/32in.) and the others 812 mils (26/32 in.). 
Interpretation of the performance of these li^es is clouded by the 
fact that in addition to the 31 failures listed there were 23 of 
which the cause could not be assigned. 


ionization factor with time (see Fig. 11). This is the most in¬ 
teresting question presented by this paper. The present accepted 
theory of gaseous ionization as the result of temperature cycles 
seems to call for an increase in ionization factor in all cables of 
this type. What then are the differences amongst the cables here 
reported which give such wide variation amongst the values of 
ionization factor? 

It is the xinderstanding that Mr. Roper is proposing tests of 
this character for the predetermination of cable quality. Two or 
three weeks are mentioned as the possible time over which they 
might extend. Is he not unduly optimistic as to the moderate 
additional cost which is involved? Looking at the other side of 
the picture one may well ask whether it might not be worth 


66-KV CABLE—^INSULATION PAILUBES ASSIGNED TO MANUFAOTUBING DEFECTS OB DETBBIOBATION 

Loadizig Conditions 


Line No. 


6601. 

Mfr. X—11.26 mi. 


6602. 

Mfr. W— 8.75 ml, 
Y— 7.50 mi. 


6603. 

Mfr. Y—19.39 ml 


Service Bating Max. sustained 

date kva kva Failures—^by years 


1926 1927 1928 1929 1930 1931 1932 Tot^ 


March ... .50.000 _ 35,000 

1926 .Since 1980 

30,000 

March .... 50,000 _ 35.000 

1926 .Since 1930.8.0.0.0.0.0.0 . 8 

. 30,000 .1. ...0.0.0.0.0.0. 1 

October_50,000 _ 50,000 .0.0.0.0.0.0.3.3 

1926 



6621..October.... 60,000_ 60,000 

Mfr. W—16.37 ml.. 1926 .3.7.0.1.0.0.2.18 

6604.August ... .60.000.... 50,000 

;Mir. Y—19.89 ml. 1927 ...0.0.0.0.0.2.2 


6622.Allgust .... 60,000_ 60,000 

Mfr. X—10.89 mi. 1927 .0.0.0.0.0.1. 1 

Z—5.48 ml.0.0..0.0.0.1. 1 

NOTE: In addition, there were 23 failures for which the caxise was not assigned. 


Eliminating the failures which occurred in 1926 and 1927, due 
to initially defective insulation, and recognizing that there were 
a large number of failures due to unknown causes, it stiU seems 
significant that on the 2 heavily loaded installations (6603- 
6621, and 6604-6622) 9 failures occurred in 1932 that were 
attributed to insulation deterioration, while on the lightly loaded 
installation (6601-6602) there have been no failures attributed to 
insulation defects since January 1928. Experience thus far in 
1933 continues that of 1932. 

While it is unsafe to generalize too freely in comparing the 
records of several systems, due to differences in maintenance 
practices and other variables, the relative effect of loading on the 
performance of the Philadelphia cables is similar to that in 
Chicago. 

J. B. Whiteheads In the paper by Mr. Roper we have for the 
first time a correlation between service record and accelerated 
life tests in cables. There is nothing surprising in the correlation 
that has been found. Accumulated evidence from various direc¬ 
tions is almost overwhelming that the failure of solid cables in 
service is due to internal ionization super-mduced by temperature 
cycles. Consequently approximate and iutensified service con¬ 
ditions applying to the laboratory must necessarily give similar 
results. The only question that has existed as to the value of the 
accelerated life test has been whether or not the short time and 
the higher voltages have introduced factors not present in service. 
The present paper shows the limits of acceleration within which 
agreement is to be found and even suggests that a higher rate 
might probably be utihzed, 

The results reported indicate wide differences in the values of 
ionization factors. Several examples are shown of a decrease of 


wMe to compare these costs as well as the performance character¬ 
istics for solid core cables with the corresponding cost and be¬ 
havior of the oil-filled cable. The writer’s suggestion is that the 
excess first cost of the oil-filled cable may be lowered substantially 
if in the interest of satisfactory life, it becomes necessary to bur¬ 
den the solid cable with an elaborate program of preliminary 
accelerated life tests. 

The two instruments described in the paper by Messrs. Wyatt, 
Spring and Fellows constitute important new methods for 
stud 3 dng the changes which take place in impregnated paper 
insulation in service. At first sight it might appear that since 
small differences in oxidation production are being measured, 
the well known avidity of cable oils for the absorption of gases 
might well lead to error in the open methods used for both power 
factor and hydrophil content. However, the variations which 
have been found as between new and aged cable, as for example, 
Figs. 6 and 7, would seem to indicate that the brief periods of 
exposure in the measurements introduce no serious error. 

As regards the power factor hydrophil relations, two questions 
arise: 

1. Why should the hydrophil content in the centre of the 
laboratory-aged cable of Fig. 6 be so much lower than that of the 
new cable? 

2, What is the relation of the values of power factor as mea- 
sured on the individual tapes to the overall power factor of the 
cable? 

The results indicate in very definite manner that there are two 
and perhaps more types of deterioration in cables. That due to 
ionization, the common result of which is wax formation, has 
long been recognized. The second type, namely, an increase of 
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power factor due to hydrophU content is new. It is, therefore, 
important to examine as well as we can its probable importance. 
Some of the values of power factor due to this cause apparently 
are very high, and so constitute serious limitations or danger. 
On the other hand, these values pertain to the tapes alone and 
it is not stated what is the overall power factor of the cable. It 
is to be noted that a moderate increase of power factor due to 
oxidation, while it must be considered a deterioration, does not 
necessarily lead to a substantial shortening in the life of the 
cable. Gaseous ionization, on the other hand, is not only an 
active deteriorating agent, but a powerfully destructive agent. 
The paper offers very few data bearing on the relative importance 
of the two causes of deterioration, although there is distinct 
suggestion that they are independent of each other. 

Howard S» Phelps: Operating experience with the thinner 
oils used in the higher voltage cables indicates that the electrical 
character or quality of these oils deteriorates progressively with 
time in service. The determination of the exact nature and 
significance of these changes is being studied intensively by 
various investigators. 

The work reported by Messrs. Wyatt, Spring, and Fellows in 
their paper discloses very promising methods for attacking some 
of these obscure problems. 

The study that the authors have made of the hydrophU con¬ 
tent in used oils is extremely interesting since it seems to indicate 
that that factor should be of great assistance in investigating 
deterioration in service of insulating oils. Apparently it sheds 
considerable light on the nature of the chemical changes that 
take place. This results from the possibility to differentiate be¬ 
tween types of deterioration; that is between deterioration re¬ 
sulting from oxidation and that resulting from polymerization 
which is apparently the result of ionization. 

R- L. Dodd: Messrs. Wyatt, Spring, and Fellows have demon¬ 
strated that the increase in hydrophil content and the increase 
in power factor are due to the presence of air in the cable. Modem 
cables have substantially aU of the air removed during manu¬ 
facture. The small amount which remains is so uniformly dis¬ 
tributed throughout the insulation that its effects would result 
only in substantially flat hydrophil and power factor curves. 

We must lay the responsibility for high power factors in the 
tape layers nearest the surfaces to air which is admitted to the 
cable after it has been made. Joints and terminals which are 
supplied with oil from permanent reservoirs or are frequently 
serviced with insulating compound should be absolutely tight and 
permit no air to enter the cable. 

It is frequently noticed that solid type cables draw in air as 
soon as the end seals have been removed. This is due principally 
to two facts, first, that the lead sheath stretches somewhat dur¬ 
ing the reeling, handling, and unreeliog operations, creating a 
larger volume and a partial vacuum within it, and second, that 
the field installation temperature usually is lower than the 
temperature in the cable mill at the time the cable is sealed up 
in its lead sheath. 

It is imperative that, if we are to prevent this quite common 
entrance of the air into the cable as soon as the seal is removed or 
the sheath out, the cable ends must be at a pressure equilibrium. 
This equilibrium can be maintained by providing the reels with 
reservoirs of oil which are connected to the cable ends con¬ 
tinuously from the time it is made until it is in its final position 
in the conduits. Where the cost of such equipment is not justi¬ 
fied, the pressure equilibrium should be restored immediately 
before the cable sheath is opened for installation or splicing. This 
can be done by a device for puncturing the sheath of the cable 
under an oil seal and injecting cable oil under pressure until the 
pressure within the cable is at or above atmospheric. The latter 
method is one readily applied in the field to solid types of cables 
at a cost much less than the cost of providing the reels with 
reservoirs. 

Such a device for reimpregnating cable ends in the field has 


been in use on 27,600-volt cables in Milwaukee since early in 
1931. Each cable end is treated with suitable cable oil to refusal 
at a pressure of 15 lb per square inch above atmospheric. Some 
cable ends will admit no oil, while others take as much as 5 lb 
before refusal. The average amount admitted under this treat¬ 
ment varies from about lb in summer to 1 lb in winter. The 
average time required is less than 10 minutes. 

J. B. Whitehead:: The principal comments that have been 
made upon my paper fall into two classes, first, its significance as 
related to the solid core cable, and second, the form in which the 
results are reported. 

Several discussors have pointed out that the life values given 
by us should not be used for an estimate of the life of solid core 
cables. I agree to this, and in fact, the paper itself states defi¬ 
nitely that the results may be considered as applicable only under 
conditions in which it is certain that internal gaseous ionization 
is not present. We have attempted to show that with thorough 
impregnation and gaseous ionization absent, there are marked 
differences in the life of impregnated paper as related to the 
impregnating oil. Furthermore, we have indicated that the con¬ 
ditions of our test seem to approach closely to those obtaining in 
the oil-filled cable. I do not find in the discussion any question 
of the accuracy of the results and conclusions. 

Messrs. Atkinson and Wyatt would prefer to present our re¬ 
sults as short time breakdown tests rather than as accelerated 
life tests. In particular, the 8th power relation between stress 
and time is questioned. We have made no special claim for the 
accuracy of the latter method, but have used it as a simple and 
convenient method which has often been used, and in the ab¬ 
sence of any recognized accurate method for presenting the 
results of accelerated life tests. Mr. Atkinson’s preferred 
method of quoting the results in terms of voltage for a given 
time also will reveal the same sequence of increasing values, with 
increasing penetrativity, although the ratios as between different 
pairs of oils will be of substantially lower values than those shown 
by us in using the conventional relation of time for a given 
voltage. Mr. Atkinson’s comment appears to question the value 
of any type of accelerated aging test for the determination of 
relative life. I would be interested to have his comment, for 
example, as to what significance if any, he would attach to our 
results as related to oil-filled cables. 

Mr. Del Mar questions the use of a 2 mm vacuum. This 
value was selected as representative of wide manufacturing 
practice, as revealed in a series of visits to a number of factories. 
So far as visual gas and ionization characteristics are concerned, 
it gives excellent impregnation. We have made many studies with 
pressures down to 0.25 mm and lower, and have reported the 
effects of such differences in pressure on life elsewhere. . 

Mr. Halperin raises the question of the effective capillary 
radius of the paper with decreasing density of paper. We agree 
that with decreasing density, a point is reached where the relations 
we have shown do not obtain. We believe, however, that in this, 
case the oil channels between paper fibers rather than the. proper¬ 
ties of the fibers themselves become the chief factor limiting life. 

Messrs. Wyatt and Clark have commented upon the fact that 
our test baths are in contact with the air, and have raised the 
question as to the possible penetration of oxygen into our sam*» 
pies. We do not believe that such penetration is present in any 
substantial amount. The possibility of admission through ends 
and outer coverings is very small. There is no change in values 
of power factor and loss due to oxidation over the whole period 
of test. If such an influence is present, we cannot detect it, and 
it is, of course, uniform over the whole range of comparative 
tests. 

J* A. Scott: Replying to Mr. Halperin on unit stresses the 
following table lists a comparison of A, results of impulse voltage 
tests on flat sheets (taken from Table IV) and B, results of im¬ 
pulse voltage breakdown tests made on single conductor cable 
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(0.187 oil-treated paper on 500,000 oir-mil stranded-copper 
conductor): 


TMdcnesfi Impxilse BreakdO'vm **Average*' 
(inches) Voltage Kv Orest volts/mil 


A .0.016. 61.0.3.400 

B .0.187.360.0...1,660 

Obviously a direct comparison between such geometrically 
di^erent configurations as A.S.T.M. disk electrodes and a lead- 
covered single conductor cable is to be made with caution. With 
this realization, however, it is of interest to note that the im¬ 
pulse strength is not directly proportional to thickness over this 
range of thickness. 

D. W. Ropers In the paper by Messrs. Wyatt, Spring, and 
Fellows it is stated, “Experimentally it has been found that the 
molecular weight and the viscosity of the oil do vary across the 
radius of a used cable.’^ Through the courtesy of Mr. Wyatt, 
a radial viscosity test was made on the oil removed from a piece 
of the 1,000-foot length of cable A that failed after 9 months of 
operation at double voltage at 108th Street, in addition to the 
other tests described in detail in their paper. The radial viscosity 
curve. Fig. 3 of this discussion, shows an increase of about 
tenfold in the viscosity of the oil, the maximum viscosity being 
at a point about one-third of the distance from the conductor to 
the sheath. As this is a very much larger increase than the 
changes in power factor or ionization factor, as stated in my 
pax)er, the radial viscosity test is a far more sensitive method of 


Fig. 3— ^Viscosity of 
Compound at Room 
Tbmpebature Ex¬ 
tracted from Tapes 
OF New and Aged, 66- 
Kv Single Conductor 
Cable of Make A 

detecting changes in the impregnating compound than the 
ionization and power factor tests. The accelerated aging test 
proposed by the author wiU, therefore, become far more useful 
if the radial viscosity test and the other tests developed by 
Messrs. Wyatt, Spring, and Fellows are utilized in the examina¬ 
tion of the insulation upon completion of the tests. 

Mr. Del Mar states that the dendrites onginate as a rule 
about one-third of the way radially from the conductor surface, 
and this is in accord with the author’s observation. It is to be 
noted that this point corresponds very closely with the point of 
maximum viscosity of the oil in the radial viscosity curve, Pig. 3 
of this discussion. Mr. Del Mar also states, “If, however, the 
oil is thick, the gaseous ions wiU be obstructed and hot spots will 
be developed.” Messrs. Wyatt, Spring, and Fellows state, 
“most of the oxidation products are concentrated in the oil 
within the paper tapes rather than in the excess interlayer oil 
on the outside of the tapes.” Doctor Wiseman states, “Doctor 
Whitehead confirms the belief of some of us that the lighter oils 
are prefe^le to high viscosity oils for high electric stressed 
cables * * These statements and observations may be com¬ 
bined into a theory about as follows: Any change in impregnat¬ 
ing compound is a sign of deterioration. The change occurs most 
rapidly when the particles of oil are restrained from shifting their 
position during the heat cycles. This restraint is greatest for the 
oil among the fibers of the paper, and it is greater for heavy oil 
thanfor light oil. The failure of the 1,000-foot cable A apparently 
was due to the very great increase in the viscosity of the oil at 



the point in the insulation where the signs of deterioration are 
first noted in similar cables. The discussion indicates that an 
increase in the life of the cable can be obtained, using for the 
impregnating compound an oil eciually as good in its electrical 
properties, but which will not thicken under the conditions of 
service. 

Doctor Wiseman states, “it appears that we shall go even 
further thft.n heretofore in using still thinner mineral oils, particu¬ 
larly for the higher voltage cables * * Such a change ap¬ 
pears to be quite in accord with the above theory. Several cable 
manufacturers in past years have mentioned informally the ad¬ 
vantages of the thinner oils, but had expressed some fear that 
the compound might drain from the cable ends when they were 
exposed for the jointing process. During the past few years 
methods have been developed for connecting sections of oil-filled 
cable with the core filled with oil, and similar methods may be 
used without excessive cost in connecting lengths of the solid type 
of cable impregnated with much thinner oils than are now in 
common use. Such a change in the impregnating compound 
should result in insulation of greatly improved quality, thus ren¬ 
dering feasible further reductions in the thickness of insulation 
for the higher operating voltages. 

The superiority of oil-filled cable containing considerable air 
over solid type cable made according to the same theory may be 
due entirely to the mobility of the oil in the oil-filled cable, as the 
oil used in such cables is quite fluid at aU operating temperatures. 

Mr. Del Mar suggests than an oil stability test, combined with 
the low ionization values, should serve for ordinary routine pur¬ 
poses. This appears to be an excellent suggestion, provided that 
the test is made with the oil in contact with the paper and that 
it is sufficiently continued so as to enable an oil to be selected 
which will not increase in viscosity under service conditions. 
Other research investigations have shown that the impregnating 
oil in a paper insulated cable is rendered more sensitive to change 
by some of the residual impurities in commerical cable papers. 

Doctor Whitehead comments on the decrease of ionization 
factor with time of several of the cables (Fig. 11) and inquires 
for the cause of this wide variation amongst the values of the 
ionization factor shown in that figure. No information was ob¬ 
tained during the tests which appeared to account for the reduc¬ 
tion of the ionization factor of several of the cables with time, 
but perhaps the result is due to the dispersion of redistribution of 
the vacuous spaces in the insulation, as Mr. Del Mar states, 
“Vacua are not permanent but appear, disapjpear, and reappear 
in different places, each load cycle.” 

Doctor Wiseman regrets that accelerated aging tests were not 
made on cables of later vintage than 1926. In Fig. 13 it is shown 
that the data were obtained from 5 cables made in 1929 and 5 in 
1926. About 80 per cent of all cable subjected to the accelerated 
aging tests was made subsequent to 1927 and data regarding such 
cables, omitting the year of manufacture, are shown in Figs. 10, 
11, and 12. The author regrets that the limitation of space ren¬ 
dered impossible a more complete exposition of the considerable 
improvement in cable quality subsequent to 1926. 

Doctor Wiseman suggests that it seems preferable to test at 
moderate voltages, such as 1.5 to 1.75 times normal, for indica¬ 
tions of instability. As stated in the paper in connection with 
Figs. 10 and 11, tests at 1.5 times normal voltages are unsatis¬ 
factory because they require too long a time to obtain conclusive 
information. Mr. Del Mar and Doctor Whitehead consider that 
the cost of the test even at double voltage will be very high. Ob¬ 
viously in order to reduce the cost of the test, it should be makle 
at as high a voltage continuously applied as may be possible 
without producing results which are materially different from the 
changes brought about in the insulation under normal service 
conditions. The new tools for the examination of the insulation, 
developed by Messrs. Wyatt, Spring, and Fellows, will assist in 
determining the best voltage for the purpose. By using these new 
tools in the examination of the insulation of the cable samples 
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siibjc^cted to the aeeelerated aging tests, and by making a similar 
examination of the insulation of cables which have been in service 
for several years, and which are removed on account of changes in 
the system, or failures due to external damage and other similar 
causes, it should be possible to prepare a curve for each type of 
cable showing the rate of deterioration of the cable with years of 
service and also to correlate this curve with a similar curve ob¬ 
tained from the cables subjected to the accelerated aging test. 
The proposed test then can be used to advantage without incor¬ 
porating it in the speoiftcations, by subjecting sample lengths of 
cable obtained from the various manufacturers to the accelerated 
aging test a few months in advance of the placing of a commercial 
order, and utilizing the information so obtained to select the 
manufacturers whose product has the lowest rate of deterioration 



Fia. 4— Ilisconn of Risplacbmknt of 66-Kv Cable in 
( hiiCAuo, ON Account of Pailubbs of Insulation and Lead 
Shbath Failuhes Due to External Causes are Eliminated 

with years of service. The information at present available indi¬ 
cates that tlie rate of deterioration for the various types of caJble 
n<JW in our system ranges from about 2 per cent to about 5 per 
cent. It further appears that in those future years in which cable 
is purchased the value of the 66-kv cable purchased in any one 
year will be at least $600,000. As practically all of the equipment 
required is now available, the cost of making the tests above de- 
serib( 3 d will not exceed 1 per cent of this figure, so that, if the 
test will enable cable to be selected which will have an average 
rate of deterioration 1 per cent per annum less than would be 
possible without the test, then the cost will be saved each year 
tJiereafter by the reduction in the deterioration of the cable. 

The test results, reported by Doctor Wiseman, of 3,870 hours 
of life at 3 times normal voltage for a 66-kv cable appears to 
indicate that the high quality of the insulation warrants a re¬ 
duction in its thickness. The statement also applies to cable A 
tested at lOSth Street. 

In commenting on the lead sheath troubles mentioned by the 
author in presenting the paper, Doctor Wiseman alleges that the 
causcj of the failure of the lead sheath is assignable to operation, 
and not to quality of cable. The record of replacements of 66-ky 
cable duo to insulation failures and to lead sheath failures is 
shown in Fig. 4 of this discussion. Interesting information re¬ 
garding the causes of defects in lead sheaths and the means of 
their prevention are contained in a paper by Messrs. Dunsheath 
and Tunstall of W. T. Henley’s Telegraph Works Company, 
Ltd., on “The Physical Properties of Lead Cable Sheaths” which 
appears in the Journal of the I.E,E, for March, 1928, and in a 
paper on “Occurrence of Irregularities in Lead Cable Sheathing 
and Their Relation to Cable Failures” by W. H. Bassett, Jr., and 


C. J. Snyder of the Anaconda Wire & Cable Co., presented to the 
AJ.M.E. in February, 1933. 

A total of 84.4 per cent of our replacements on account of lead 
sheath failures was due to longitudinal splits, laminations, blis¬ 
ters, and dross, which, according to these two papers, are within 
the control of the cable manufacturer and can be eliminated by 
proper equipment and workmanship. In addition, 6.0 per cent 
of the troubles occurred where the thickness of the lead sheath 
was below the specified limit of tolerance in the purchase order. 
This makes a total of 90.4 per cent of the lead sheath troubles, 
which, according to other cable manufacturers, are within the 
control of the manufacturer. It is, therefore, very refreshing to 
note Mr. Del Mar’s statement that “The new sheath stresses have 
led to intensive study of sheaths and to improvement in sheath 
quality.” 

Mr. Dambly’s statement regarding the Philadelphia experience 
with 66-kv cables confirms the author’s conclusion that the 
heavily loaded cables deteriorate in service faster than cables 
carrying lighter loads. It would even be more interesting if the 
data could be analyzed so as to indicate the approximate loading 
that causes an increase in the rate of deterioration. 

K. S* Wyatts We are pleased that Mr. Halperin has asked us 
to explain our reference to radial variations in viscosity of some 
cables after use because it is now clear that this may be a point 



of great practical importance. In making radial hydrophil and 
power factor measurements on a single-conductor, 66-kv cable 
impregnated with mineral oil compound which had been sub¬ 
jected to loading cyeles, we noticed that as we progressed from 
sheath to conductor the compound varied noticeably in both color 
and thickness. We, therefore, measured the viscosity of the oils 
extracted from groups of paper tapes selected from different radial 
zones. The results are shown in Fig. 5. On this we have plotted 
also wax deposits estimated visually. The unusual radial viscosity 
curve led us to check our methods; this work confirmed the curve 
shown. Our next step was to measure radial viscosity on a sample 
of new cable; the resultant curve also is shown in Fig. 6.. Sur¬ 
prisingly enough the curve is not flat; but yet it is much lower 
than that for the aged cable. 
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It is to be noted that the peak of the wax curve roughly coin¬ 
cides with the peak of the viscosity curve. This observation leads 
us to believe the thickening of the oil was caused by gaseous 
ionization. It is suggested that measurement of viscosity of the 
oil at different radial points may be a more sensitive method of 
detecting whether ionization has taken place than the presence of 
wax. 

The ^portance of radial changes in viscosity of cable com¬ 
pound lies in the possibility that they may be responsible for 
many failures in service. When the compound thickens, due 
perhaps to mild ionization, it is unable to flow outward and in¬ 
ward with daily heating and cooling of the cable. As a result, large 
voids are formed, ionization is intensified, and failure results. If 
this theory is true, it should be possible to devise a test whereby 
oils may be selected for constancy of viscosity under operating 
conditions. At present we are improving methods of measuring 
viscosity of small samples of oil and of making radial measure¬ 
ments on additional service-aged cables. 

In answer to other questions of Mr: Halperin, repeated tests 
show that, at 60 volts per mil, we experience in our power factor 
cell no ionization. Our conclusion that ionization does not cause 
large increases of dielectric loss needs amplification. We meant 
that gaseous ionization in the cable during service, as indicated 
by wax deposits, does not cause large increases in the power 
factor of individual tapes when measured in the cell we have de¬ 
scribed; in other words, the cable’s “solid loss” or loss measured 
at low voltage does not increase significantly as a restdl; of ioniza¬ 
tion, of course assuming no air to be present. 

It is interesting to note in commenting upon Mr. Atkinson’s 
remarks, that several years ago we also tried measuring the power 
factor of different radial sections of used cable but with indifferent 
success. Later we were under some pressure to explain the U- 
shaped hydrophil curves which we obtained on used cables, and 
as a result, built the power factor cell we have described. The 
curves obtained with the power factor cell are frequently more 
regular and convincing than the hydrophil curves which in the 
first place led to the power factor measurements. 

As Mr. Del Mar points out, many practical applications await 
the new tools. We are now proceeding with some of these appli¬ 
cations. One of these is to test the relative ease of oxidation of 
paper tapes taken from new cables impregnated with different 
oils. We want to know how an oil oxidizes when mixed with im¬ 
purities from the impregnating tank and from the paper, not how 
it oxidizes by itself. This we can find out by exposing the tapes 
to dry air and by measuring periodically the hydrophil content 
and power factor. In a similar manner we can compare the resis¬ 
tance of different insulations to discharge alone or in the presence 
of air. As Mr, Del Mar suggests, the radial method is useful in 
enabling us to discard many theories of deterioration. 

We agree with Mr. Dodd’s observations that solid cables draw 
in air when the end seals are removed. We are of the opinion 
that most of the U-shaped hydrophil curves we have found in 
service-aged cable are caused by air which has entered in this 
manner or at leaky joints or at the factory before leading. How¬ 
ever, some recent evidence indicates that oxidation in certain 
cases may be due to other causes. We have recently re-impreg- 
nated the ends of cable samples which were put through accel¬ 
erated aging tests. There is some evidence to show that this pro¬ 
cedure is a logical precaution against entry of air and subsequent 
oxidation. 

Doctor Race suggests another tool for layer-by-layer studies of 
deteriorated cable. Undoubtedly this and other tests which have 
been suggested, such as breakdown tests layer by layer, will give 
much new information in cases where deterioration has been 
sufficiently intense. His second suggestion that the copper and 
lead may catalyze oxidation at conductor and sheath and thus 
account for the U-shaped curves without longitudinal leakage of 
air is a good one. At the outset we considered this and other 


possibilities and with the data we then had at hand we felt that 
in general the odds were much against such an explanation. It 
may be recalled that some years ago the same question came 
up in connection with our studies of dissolved copper. (Associar 
tion of Edison Illuminating Companies Minutes for 1930, 
pages 575-579, Mechanism of Cable Deterioration, Hirshfeld, 
Meyer and Wyatt.) Did the copper first catalyze oxidation of the 
oil and then react with the oxidation products or was it dispersed 
colloidally by gaseous ionization? With more data at hand we 
still feel that leakage of air along the cable is responsible for the 
U-shaped curves on 3-conductor cables such as we operate. 
Catalysis by metals would not explain the double U-shaped 
curves of belted typed cable such as are given in Fig. 10, where 
U-CTirves turn up at the filler space although there is no metal 
present. Then again where leakage is known to have occurred at 
potheads on accelerated aging tests only one leg of the U-curve 
is sometimes fotmd, indicating, we believe, that leakage occurred 
along the copper conductor only. However, some recent studies 
on single-conductor cable lead us to believe that catalytic action 
of the copper or lead on dissolved air may possibly be responsible 
in some oases for the U-shaped curves. The most probable picture 
at present then is that leakage of air is the predominant cause of 
most of the oxidation observed in service-aged cables of the 
3-conductor type. In other types of cable under special conditions 
where leakage may be absent other factors may become the chief 
cause of the U-shaped curves. 

Although Dr. Race prefers hydrophil content expressed in area 
of spread per unit weight of oil, we believe our results are ren¬ 
dered more intelligible and more digestible to practical operating 
engineers by expressing them in per cent. We have clearly stated 
the assumptions on which per cent figures are based, and these 
assumptions should not be forgotten. 

The use of the radial method as an adjunct to accelerated life 
tests for cables has been suggested by Doctor Wiseman. We al¬ 
ready have some experience along this line. For a number of 
years we have been attempting to develop a load-cycle aging 
test procedure for 3-eonduotor cable similar to that described by 
Mr. Roper for single-conductor cable. We believe the load-cycle 
aging test to be a most valuable test for judging cable quality. 
In the interpretation of the resrilts we have found the radial 
hydrophils and power factor to be of great assistance. For ex¬ 
ample, on some of our samples aged a few years ago, the U-curves 
were most pronounced. As we took greater and greater precau¬ 
tions in cutting the cable samples (c.g., forcing in oil through the 
sheath before cutting to prevent inrush of air) and in pothead 
construction, the radial power factor curves after aging were 
lower in value, sometimes not greatly different from those of new 
cable. Not all the data fit into this picture, but there is a distinct 
trend. The “solid loss,” c.g., dielectric loss measured at low volt¬ 
ages, increased after aging treatment less and less as the precau¬ 
tions against leakage became greater. In view of this and other 
data we must now ask ourselves ff there can be any increase in 
solid loss of a cable due to load-cycle aging as described by Mr, 
Roper if air is rigidly excluded at every step of the procedure. 
It now appears that possibly small increases in solid loss might 
take place during a 30- to 60-day test without leakage of air into 
the cable during preparation or aging. Any large increase in solid 
loss we now believe should be attributed to leakage of air. These 
statements apply only to modem cable of good manufacture, 
because of course, a great many inexplicable changes might take 
place in the older type cables. If this theory, of which we have 
partial confirmation, is correct, it would seem that there are very 
few, if any, accelerated tests on cables that have been run pre¬ 
vious to the last year or two, the results of which have not been 
affected by oxidation. Prevention of air leakage at all stages of 
the aging procedure is an exceedingly difficult task because of 
the alternate pressure and vacua which obtain in cable from the 
day it leaves the factory. It also is difficult to comprehend the 
effect of small amounts of air on overall dielectric loss. 
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The inconsistencies pointed out by Doctor Whitehead may 
readily be explained. They do not constitute serious criticism of 
the method even if there were no theoretical explanation. For 
example, the minimum values of hydrophil content for different 
makes of cable vary considerably depending on the compound. 
This variation not only is due to different content of oxidation 
products but also to the area occupied on the water surface by 
oil globules which contain no hydrophils. The effect of a given 
amount of hydrophils on power factor varies with different oils 
for a number of reasons, one of which is that the average dissocia¬ 
tion constant of the oxidation products varies in each case. In 
the case of Fig. 6 the apparent inconsistency is more readily ex¬ 
plained. Although made by the same manxifacturer, the aged 
cable was fabricated in 1930 and the new cable in 1933, the type 
of compound having been changed during the 3-year interval. 
However, we quite frequently find that on aging, if no oxidation 
has taken place, the hydrophil values drop somewhat. This may 
be due perhaps to xwlymerization of the oxidation products under 
operating or test conditions. It is also possible that as suggested 
by Doctor N. K. Adam, a portion of the oxidized molecules split 
up under further oxidation into smaller molecules, each contain¬ 
ing oxygen; the small oxidized molecules are soluble in water and 
do not contribute to the spread. However, under normal condi¬ 
tions in a cable we do not believe either of these factors operates 
to any groat extent. 

We have recently obtained curves of power factor and hydro¬ 
phil which very closely resemble one another. This improvement 


was obtained on thin oil cable by pressing out the oil from the 
paper by a roller-press instead of extracting it together with 
paper impurities by means of benzol or hexane. 

Recently we have measured the power factor of the paper 
tapes of a 64-foot length of single-conductor high-voltage cable 
at 6 points along the length. The overall power factor at 60 C and 
60 volts per mil calculated from the power factor of the paper 
tapes is 0.85 per cent. The overall power factor of the cable as 
measured at 60 C and 28 volts per mil is 0.75 per cent. This we 
consider to be a good cheek, since the powenfactor-voltage curve 
for thin layers of insulation has an appreciable upward slope which 
is due to other infiuenees than ionization. 

We do not wish to be misunderstood as recommending the 
two tools described as a sure means of diagnosis of deteriora¬ 
tion in all cases. The power factor cell is so satisfactory that it is 
used as a routine instrument, yet occatsionally curves obtiuned 
with it are of a nondescript character. Careful sampling and 
quick careful measurement are necessary for check results. The 
hydrophil test is less satisfactory as a number of factors enter in 
which may upset the results. Some of these factors we do not 
know. In general, however, there is an unmistakable relationship 
between the radial hydrophil and power factor curves, particu¬ 
larly in the absence of other factors such as moisture. This re¬ 
lationship, and the shape of the radial curves in general, will 
prove very helpful in many cases of deterioration. Further work 
will uncover the cause of irregularities in the hydrophil curves; 
these tools will then have an even wider field of application. 



Accelerated Aging Tests on High Voltage Gable, 
and Their Correlation With Service Records 


BY D. W, 

Fellow 

Synopsis*—Experience in recent years with underground cable for 
the higher operating voltages has developed the fact that specifications 
for the insulation were incomplete and inadequate, because some of Us 
properties which were of slight importance for the lower operating 
voltages became of vital importance in cable for the higher voltages. 
Tests on impregnated paper insulation of the ordinary type as made at 
the factory heretofore have determined the quality of the insulation at 
the time of making the tests, but gave litUe indication of the rate or 
extent of the deterioration that might occur in service. 

When the Commonwealth Edison Company, Chicago, III., adopted 
66-hv cable for tie lines between generating stations so that the cable 
practically formed a high voltage bus, it became very important that the 
cable should be reasonably free from failures in service. Unfortunately 
the cable included in the first installation in 1926fell below this require¬ 
ment, and some of it had to be replaced within a few years. 


A ssuming that satisfactory 66-kv cable could 
be obtained, the Commonwealth Edison 
Company, Chicago, Ill., in 1926 adopted a 
new S 3 ^tem plan^ which included 66-kv underground 
lines of 60,000-kva carrying capacity that practically 
constituted a bus extending across the city anrl 
sectionalized at the generating stations. The record 
of failures on this cable, which began shortly after it 
was placed in operation late in 1926, gave unmistak¬ 
able evidence (Fig. 1) that this assumption was not 
entirely warranted; and, further, that there were 
some marked differences in the quality of the insula¬ 
tion furnished by the different manufacturers. 
There resulted a great impetus to the investigations®’* 
on cable for lower operating voltages that had been in 
progress in Chicago for several years. 

The object of tiie investigations fo rming the basis 
of this article was to insure that the 66-kv cable 
secured by the Commonwealth Edison Company for 
kter installations would be of a quality befitting its 
importance on the system. This object was attained 
by (1) correlating the results of tests with service 
records, (2) devising new tests, and (3) determining 
propCT criteria to be used with all tests so that 
deficient cable would be eliminated by tests at the 
factory before shipment. 

Status of Coototions 

About 1918, after the large insulation losses* of 
power cables had been made apparent, it became 
the practice for purchasers to require a measurement 
of the dielectric loss* as a part of the factory tests. 
The manufacturers, in their endeavors to reduce the 
dielectric loss of their impregnated paper insulated, 

*Assistant Electrical Engineer, Conunonwealth Edison Company. 
Chicago, m. 

1. For all references see list at end of paper. 

Presented at the summer convention of the Chicago, lU.. 
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A earful comparison of test and service records of the four makes 
of c(Me inslcdted in 1926 showed that the cable had a wide range in 
guality. A marked difference was noted in the behavior of practically 
identical cable on a line heavily loaded and on a line moderately loaded. 
Accordingly, a series of tests was undertaken with the object of developing 
in a short time the deterioration which had been found in the several 
cables in service. It was found that the application of double normal 
voltage continuously with daily loading cycles that would heat the cable 
to the same copper temperature as permitted by the AJ£.E. rules 
would develop in a few weeks all of the signs of deterioration that had 
been noted in the cable after several years of service. 

Improvements in cable manufacture in recent years have made it possi¬ 
ble to obtain 66-kv cable of a quality that warrants its use for important 
tie lines; judging by the slight deterioration that has been noted in the 
past few years, the cable wiU give a satisfactory service for many years. 


lead covered cables gradually abandoned the use of 
impregimting compounds consisting principally of 
rosin dissolved in rosin oil or in transil oil, and 
generally adopted mineral compounds similar to 
vaseline. ^ A dielectric loss measurement was first 
included in American specifications about 1919. In 
the meantime, the change in the type of impregnating 
compound had resulted in the development of another 
kind of trouble in the insulation, called “ionization,” 
which may became apparent only after several years 
of normal service and then is manifested by a rapid 
increase in cable failures. As a result of this situa¬ 
tion, the cable manufacturers in 1924 reduced their 
gu^ant^ period from five years to two years. This 
action eliminated the principal safeguard of the pur¬ 
chasers against cable of inferior quahty and rendered 
necessary a revision of the test requirements included 
in cable specifications. 

An ionization test was first included in American 
cable specifications in 1924. There followed shortly 
a considerable improvement in the thoroughness of 
impregnation, and about the same time the manu¬ 
facturers (Ranged from grease to heavy oils for their 
impregnating compounds. These changes were ac¬ 
companied by a large increase in the dielectric 
strength (Fig. 2) as determined by the short-time 
high voltage test. The long-time high voltage test 
first introduced in 1925 also showed a marked im- 
prov^ent during the next few years in the ini tial 
quality of the insulation. 

Fanner,® in a paper presented at an A.I.E.E. 
mee^g in 1926, described the tests then being 
applied to impregnated paper insulated cables, their 
purpose, and their significance. Ano^a: paper* 
presented at the same meeting attempted to evaluate 
the merite of the several tests, and recognized that 
the specifications were inadequate in that it was 
possible for cable to pass all the required tests and 
still prove quite unsatisfactory in service. 

Evidence of the difference in quality of the 66-kv 
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Fig. 1— ^Ratbs of 
Failure Resulting 
From Defective In¬ 
sulation IN 66-Kv 
Cable Made in 1926 
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A . 

. 4.9 

B . 

. 6.0 

C . 

. 4.7 

o . 

. 0.1 

Total 

.14.7 


Line 6341 

A . 

. 2.7 

B . 

. 4.0 

C . 

.18.0 

D . 

.10.1 

Total 

.29.8 



HZOO 


KV. 


M 


KV. 
|600 

y 

500 lO 

a 


N 


50 


H30O 


H200 


HlOO 


Jo 


Fig. 2—^Results of Short-Time High Voltage Tests on 12- and 
66-Kv Cable Made for Commonwealth Edison Company After 
Samples Had Been Subjected to the Cold Bending Tests at 

Factories 

The method of equating the test results to a voltage that will produce failure, 
in a given time is based on Figs. 6 and 7 of Farmer’s paper« which indicated 

Constant 

the following relation between voltage and time to failure: Voltage , 

Time 

Further investigations by the Electrical Testing Laboratories (New York, N". Y.), 
Commonwealth Edison Company, and others confirmed this relation and indi¬ 
cated that n should be about 6 for single-conductor cable and 7 for 3-condu^r 
cable. With these values of n, the equivalent periods of rime at a convenient 
value of voltage were calculated for each of the various steps in the actual 
test and were added. With this result, the equivalent voltage for the given 
period of time then was calculated in the same manner for the total test 


cable noted shortly after the cable was placed in 
service, as well as information which developed later 
(Fig. 1) may be summarized briefly as follows: 

1. Cable A had no insulation failttres. 

2. Cable B on the heavily loaded line (6311) had a gradual increase 
in the number of failures for the first three years, and then the rate 
of failures suddenly increased. 

3. After several initially defective lengths of cable C on the heavily 
loaded line had failed and been replaced, this cable gave a perfect 
record for three years; then failures rapidly increased. 

4. Cables B and C, which had such an unsatisfactory record on ^e 
line with heavy loads, gave much better service on another line 
(6341) with loads about Va as large. 


5. ^ Cable D on the lightly loaded line had no failu^. Therefore, 
it is apparent that (a) insulation may be deficient initially and 
troubles will develop very quickly after the cable is placed in service; 
(b) the deficiency may be of a class that will not develop serious 
trouble for sevei^ years; and (c) the insulation may appear very 
deficient when the cable is required to carry full load ev^ day, but 
may be satisfactory when moderately loaded for the period covered 
by this investigation. 

Critical Comparison of Test Results 
AND Service Records 

Short-Time High Voltage Test. This test is made 
on a short sample (10 ft long under the lead) that 
has been subjected to the bending test; it consists 
of applying for 5 min an initial voltage nearly twice 
that applied to each full reel length of cable, and 
then increasing the voltage in steps until failure 
occurs. 

As ^own in Fig. 3, cable A made in 1926 was 
somewhat better than the other cables, and the test 
results for all cables were above the specification 
requirements. Later data in the same figure ftuther 
indicate that, had the specification requirement been 
raised to 400 lev, for example, then cable A, which 
holds the best service record, would have been 
elimiaated in subsequent years. From this informa¬ 
tion, it may be concluded that: 

I. While the short-time high voltage test may be valuable in 
determining the original quality of the insulation, it is of no value 
as an indication of the stability of the insulation. 

Long-Time High Voltage Test. The long-time high 
voltage test has been termed an accelerated life test, 
as it is made by the application of a voltage several 
times normal to a long sample (75 ft) of cable over a 
period of hours until lie cable fails. As shown in the 
left side of Fig. 4, this test, made on new cable, gives 
results that are but little more significant of the 
stability of the insulation than is the short-time high 
voltage test. 

During the first year of operation of the 66-kv 
cable, it was discovered by temperature surveys that 
as a result of local conditions about two miles of the 
heavily loaded line was operating at a h^her tem¬ 
perature than the rest of the line, causing the load 



Fig. 3—Avbi^gbs op Results Obtained on Short-Time High 
Voltage Tests on New 66-Kv Cable Tested at Factories 

Equivalent voltages calculated as stated in subcaption for Fig. 2 
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on the entire line to be limited by the temperature 
of this portion. During the s umm er of 1928, all 
of the 750,000-cir mil cable in that portion of the 
line was replaced by 1,000,000-cir mil cable; this 
afforded an opportunity to make tests for determin¬ 
ing the rdative deterioration of the four original 
cables during their first twenty months of service. 
The results of the accelerated life tests on these 
cables shown on the right side of Fig. 4 indicate that, 
while cable A had undergone no deterioration, 
cables B and D had deteriorated considerably and 
cable C somewhat less. 

Results of these tests were so interes ting that a few 
lengths of cable from the lighter loaded line were 
removed solely for the purpose of malring simitgr 
tests, with results as diown in tte middle of Fig. 4. 
While these data indicate that cable B had undergone 
some deterioration on the two lines, the difference in 
the deterioration as determined by this test was in¬ 
sufficient to account for the difference in' its service 
record (Fig. 1) on the two lines. Cable B removed 
from line 6341 shows more deterioration than does 
cable C removed from line.6311; consequently if 
this test were of value as a measure of insulation 
deterioration, cable B on line 6341 would have a 
poorer service record than cable C on line 6311. 
This, however, is not true, for there have been no 
insulation failures of cable B on li-np 6341 (Fig. 1). 

From these results it appears that: 

II. The long-time high voltage test applied to cables that have 
been in se^ce is interesting because it gives very different results 
when applied to cables that when new, were of about the same 
quality. 

m. The test is of considerable value as an indication of the quality 
of insulation at the beginning of the test, but is of slight value in 
determining the rate or extent of future deterioration. 

IV. Loads to be carried are an important factor in determining the 
requirements for the cable. 

The relative amount of visible evidence of de¬ 
terioration of cables A, C, and D found on dissection 
of the samples after test was roughly proportional to 
the reduction in the time that they withstood the 
accelerated life test. Cable B showed proportion¬ 
ately mudi less evidence of deterioration than C and 
D, but it was the only one that contained rosin; , 
hence: 

V. The presence of rosin in the impregnating compound will not 
prevent deterioration of the insulation, but it may restrain or retard 
the development of visible signs of deterioration. 


Fig. 4—Averages of 
Results Obtained on 
Long-Time High 
Voltage Tests on 
BB-Kv^Cable Made in 
1926; Cable Tested 
AT Factories and in 
Chicago 

Equivalent voltages calcu¬ 
lated as stated in sub¬ 
caption for Fig. 2 
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Fig. 5—^Powbr Factors of New 66-Kv Cable Tested at Fac¬ 
tories 



Fig. 6—^A v e r a o b 
Power Factors at 
60 Dbg C op 66-Kv 
Cable Made in 1926 


Dielectric Power Loss. Examination of the records 
of initial power factor tests on insulation made at the 
factoiy on the several 66-kv cables purchased in 1926 
and in subsequent years (Fig. 6) indicates no sig¬ 
nificant differ^ces that can be correlated with the 
rate of deterioration of the several cables. The 
records in recent years show less variation in dielectric 
loss at the maximum operating temperature. This 
lo^ is now so low that all chance of dielectric loss 
failures^ is ehminated, unless the loss materially in¬ 
creases in service. 

By examining the records of sections of cable re¬ 
moved from time to time from the two lines under 
discussion (Fig. 6) interesting information is obtained 
on increase of power factor of cables in service. 
Cable A shows a slight increase, but even the in¬ 
creased loss (about 0.3 watt per foot) is very low; 
cables B and D show the highest increase; ca b le C 
shows a smaller increase and only a slight difference 
in detmotation on the two lines. However, cable C 
had widely differing service records on the two b' ces 
(Fig. 1). Cable D shows an increase in power factor 
as great as B, and neither has had any service failures 
on the moderately loaded line. 
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These results appear to warrant fturther conclu¬ 
sions: 

VI. Tayo distinct forms of deterioration with service may occur: 
(1) deterioration which is manifested only by an increase in dielectric 
loss; and (2) deterioration which results not only in an increase in 
dielectric loss, but also is accompanied by an increase in service 
failures. 

VII. Initial power factor measurements give no significant pre¬ 
diction of the rate of deterioration in service. 

Since the increase in dielectric loss of cable D, as 
shown, in Fig. 6, means that the dielectric loss 
increased from 2 per cent to 7 per cent of the total 
annual charges, it would be economical to pay 15 
per cent more for this cable if the dielectric loss 
remained constant at the initial value throughout 
the life of the cable. 

Ionization Tests. Tests are made at the factory on 
each length of cable to determine the ionization 
factor, i. e., the increase in power factor between 20 
and 100 volts per mil of insulation. Test results 
(I<)ig. 7) show that cable A of 1926, which has had 



LINE Na 6341 6311 

LOADING -MODERATE HEAVY. 

1926 1927 1923 1929 1930 1931 1932 1933 

YEAR OF MANUFACTURE 

Fio. 7—Ionization Factors of New 66-Kv Cable 


MeuBurements made at factories at 40 and 200 per cent normal voltage at 
room temperature. Some of the negative values are probably erroneous. 
Only two lengths of cable D were on line 6311 


no insulation failure to date, had a much lower 
ionization factor than the other cables, and that 
cable B had a higher ionization factor than cable C. 
If the failures of cable C, due to initially defective 
insulation (Fig. 1) are eliminated from consideration, 
it is found that the relative magnitudes of the io^a- 
tion factors of the 1926 cable on line 6311 give a 
significant indication of the relative rates of de¬ 
terioration leading to failures in service. 

This statement is confirmed by the record of 
66-kv cable installed subsequent to 1926, since, if five 
failures in 1930 which occurred a few weeks after 
the cable was installed (thus indicating initially 
defective insulation) are eliminated from considera¬ 
tion, the three remaining insulation failures are equal 
to about one failure per 300 miles of cable per year of 


service—a highly satisfactory record. All of this 
cable had ionization factors of less than 0.2 of one 
percent. 

These data show that: 

VIII. The ionization factor for cable which is to carry full load 
daily should be less ^an 0.2 of one per cent in order to insure a 
satisfactory service record. 



Fig. 8—'High Voltage Laboratory With Cable Ready for Test 

A. Joint between cable samples 
BB. Insulating sleeve 

C. Terminal of circulating current transformer behind one of the high volt¬ 
age transformers 


If, now, the ionization factors of the cabl^ on the 
two lines installed in 1926 are compared, it will be 
noted that: 

IX. WhUe an ionization factor less than 0.2 of one per cent appears 
necessary to insure satisfactory cable on a heavily loaded line, a 
higher ionization factor may be satisfactory if the cable regularly 
carries only moderate loads. 


Accelerated Aging Tests 

Since all of the tests had failed to give any signifi¬ 
cant indication of insulation stability, investigations 
were started for the purpose of devising a test which 
when applied to new cable would duplicate within a 
limited time the deterioration in all grades of insula¬ 
tion that had been noted on cables in service. Sev¬ 
eral cable manufacturers in private conference some 
years earlier had suggested that the suitability of 
impregnated paper insulation for the higher voltages 
be deitermined by subjecting the cable to exc^s 
voltage with superimposed loading cycles, and taking 
measurements of the power factor at inteiyals. 
Accordingly, circulating current transformers were 
included in the plans for the 108th Street field 
laboratory. After it had been determined that the 
loading of the 66-kv cable was an important factor 
in its deterioration, a series of high voltage tests 
with superimposed loading cycles was made on short 
lengths of cable. All of these tests were made on 
750,000-cir mil single-conductor lead-covered cable 
with 750 mils of impregnated paper insulation. 

Test Conditions. Twenty-one samples, from 25 to 
50 ft long, were tested in the High Voltage Labora- 
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Fig. 9—Circuit Dia¬ 
gram FOR Acceler¬ 
ated Aoikq Tests 

Two to ten cable samples 
were connected In series. 
Fothead leads were not 
considered samples under 
test 


ORCiaATINQ 

CURRENT HIGH VOUTAGR 
TRANSPORMER. TRANSPORMER. 


1 00000J leooJ 



tory by connecting several samples in series (Fig. 9) 
witii insulating joints in their lead sheaths to exclude 
the joints £Uid potheads from the measurements on 
the cable. The joints were made especially to pre¬ 
vent the movement of gas or compound into or out 
of the cable samples. Tests were made at various 
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Fig. 10—Power Factors op 66-Kv Cables During First Ten 
Load Cycles at 67 Kv 


voltages from 1.5 to 3 times normal and lasted from 
2 to 84 days. Heating cycles were obtained by 
(1) circulating current through the conductor and 
cooling with water through a jacket around the 
cable, (2) subnierging the cable in oil ^d heating 
and cooling the oil, and (3) circulating current 
through the conductor with liie cable in air, with 
and without current in the lead sheaths. Minimum 
cable temperature was room temperature while the 
maximum ranged from 50 to 85 deg C, i. e., from 
10 deg below to 25 deg above the maximum per¬ 
missible operating temperature of 60 deg C. Testing 
facilities were provided for measuring the power 
factor of any sample at any portion of the heating 
cycle without interrupting the current in the con¬ 


ductor. The longest continuous application of the 
voltage was 18 days. 

Two samples, each 1,000 ft long, were tested also 
in the field laboratory (see Figs. 28 and 29 of refer¬ 
ence 7) where they were installed in a standard con¬ 
duit. These cables were connected to a bus which 
in turn was connected to one conductor of a 132-kv 
overhead transmission line, so that the cables were 
subjected to all the transient voltages caused by 
Hghtning and switching. The load on these cables 
was carried through successive cycles by using cir- 


Fig. 11—Ionization Factors 
OP 66-Kv Cable Doting First 
Ten Load Cycles at 57 Kv 
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day) 


culating current transformers as in the tests on short 
cable samples, independent of the load on the trans¬ 
mission line. Copper temperatures of these samples 
were varied up to a maximum of 60 deg C. Facilities 
were available for measuring power factor and 
ionization factor. 

Observations. Failures in cable of the lower grade 
usually were preceded by local heating; since the 
development of local heating is restrained or retarded 
when the cable is immersed in oil or water, cables 
tested in air gave results which best correlated with 
service records. With the cable in air and with 
double normal voltage continuously applied, about 
125 per cent of maximum rated fine current was 
required to heat the conductor to 60 deg C in 5 hr. 

Tests at 1.5 times normal voltage required too long 
to develop definite results, and failed to exclude 
cables 4 and 5 (Figs. 10 and 11) which from operating 
records were known to be unsatisfactory. However, 
tests at twice normal voltage developed within a few 
da^ a marked difference in the results on two cables 
(Fig. 12) which had but a moderate difference in 
ionization factor and which had shown practically 
the same results in the long-time high voltage test 
(note IX ante). Tests at three times normal voltage 
failed to correlate with service records. 

Significant resulte were obtained in the tests on 
short samples, frorh measmrements of power factor at 
minimum and maximum temperature of each loading 
cycle and from measmrements of ionization factor at 
less frequent intervals. It was noted that in the 
lower-grade cable large increases in dielectric loss 
sometimes var3dng over a wide range may develop 
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during the tests, but failure may not ensue for a long 
period. Failures of high-grade cable with low 
electric loss may develop so rapidly that no marked 
increase in power factor will be noted unless the 
measurements are practically continuous. All fail¬ 
ures except one occurred during the cooling por¬ 
tion of the loading cycle (Fig. 13). The one excep¬ 
tion noted was the failure of one of the 1,000-ft 
lengths which occurred after the cable had reached 
minimum temperature. 

Some interesting observations were made on the 
two l,(K)0-ft lengths, these cables being practically 
identical as determined by all other tests. Cable A 
failed after operating one month at double voltage 
and without load, two months with loading cycles 
resulting in a maximum temperature 46 deg C or less, 
and six additional months with loading cycles up to 
60 deg C. Cable E failed after operating one month 
without load, and two months with loading cycles up 
to a maximum temperature of 37 deg C. Bodi cables 
showed about the same moderate amount of visible 
evidence of deterioration in the insulation. Cable A 
showed an increase in power factor at 20 deg C and 



Fro. 13 — ^PowBR Factor op Insxji.ation Approackino Failtirb 
IN Laboratory Tests: Note Drop in Power Factor por 
Cable D When Voltage Was Removed for 30 Mm 
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Conclusions 

During the years since the 66-kv cable was first 
installed, several sections of cable were removed from 
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Fig. 12—(Left) Re- 
SULTS OF Accelerated 
Aging Test at Dou¬ 
ble Normal Voltage 
(76 Kv) With Load 
Cycles Raising Ca¬ 
ble Temperature to 
63 Dkg C 

special samples were fur¬ 
nished for these tests. 
Results of long-time high 
voltage tests for cables 22 
and P were equivalent to 
276 kv and 284 kv, respec¬ 
tively, for 6 hr calculated 
as per subcaption of Fig. 2. 
No operating experience is 
available for cable F 
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test voltage, from 0.3 per cent to 0.5 per cent; and 
an increase in ionization factor at 20 deg C from 0.02 
to 0.06 per cent. Cable E showed an increase from 
0.3 per cent to 0.39 per cent in power factor, and in 
ionization factor at 20 deg C from 0.005 to 0.06 per 

Satisfactory cable upon examination showed no 
visible signs of deterioration at double normal voltage 
after tests ranging from two to nine months (Fig. 14); 
unsatisfactory cable F (Fig. 12) showed considerable 
evidence of deterioration after ten days. Recupera¬ 
tion of the insulation usually was noted with long 
interruptions of the voltage, and was greater for the 
lower-grade cable. 
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Fig. 14 —^Dbtbrioration Found Upon Examination or Cable 
After Accelerated Aomo Tests; Results Arranged in (^br 
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time to time, as a result of changes on the system, 
failures of insulation, external damage, and defective 
lead sheaths. Examinations of insulation in such 
cases always were made and electrical tests were 
applied in those cases where additional information 
could be secured. The results of these examinations 
and tests were utilized in addition to the results of the 
laboratory tests in drawing the following conclusions: 

X. Accelerated aging tests on 60-ft samples of 66-kv cable at 
double normal voltage and with superimposed daily loading cycles 
resulting in a maximum copper temperature of 60 deg C will develop 
in a few weeks, in cables of all grades tested, about the same indica¬ 
tions of deterioration as found in the same cables after years of 
service. 

XI. The criterion of quality is the stability of the insulation during 
the accderated aging test; there must be practically no deterioration 
of the insulation, that is, (1) no significant increase of power factor 
at ma xim u m and minimum temperatures; (2) no significant increase 
in ionization factor at room temperature; and (3) no visible signs 
of deterioration of insulation upon dissection after completion of 
the test. Tests to failure are unnecessary. 

Xn. Better information regarding the quality of cable is obtained 
by testing several sections, each 60 ft long, th^ would be obtained 
by testing several times as mudi cable in one length. 

Improvements in the manufacture of impregnated paper 
insulation of the ordinary type in recent years has made it possible 
to secure insulation for operation at 66-kv that gives very sati^actory 
service. 


Suggestions for Further Investigation 

Further investigations may indicate the possibility 
of using somewhat higher voltage than double normal 
in the accelerated aging test, in order to shorten the 
lime of the test and make it less expensive. With the 
inclusion of the accelerated aging test in the specifica¬ 
tions, it may be pebble to eliminate several tests, 
now included therein, without materially increasing 
the total cost of testing. 

During the past few years, in which the accelerated 
aging test has been practically in effect in Chicago, 


the only cable failures that have occurred apparently 
have resulted from local deficiencies in the insulation 
which cannot be detected by any known test. These 
defective lengths have amounted to about 0.3 of one 
per cent of the number of lengths installed; but, 
when it comes to lead sheath troubles, as Kipling 
would say, that is another story. 
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Synopsis*—Jnvesligation of the radial variaimi in electrical and 
chemical characteristics of cable ivsulalmi between conductor and 
sheath is suggested as a valuable means for throwing new light on 
cable deterioration in service. An apparatus is described for the rapid 
accurate measurement of power factor of individual paper tapes taken 
from cable. A method is ghen for determining the total oxidation 


I T HAS long been known that paper insulated high 
voltage cable, when placed in service under¬ 
ground, suffers a gi-adual deterioration as evi¬ 
denced by increasing dielectric loss.^ This loss is 
highly undesirable because of the threat to the fur¬ 
ther life of the cable and because of the economic 
loss which it represents. Unfortunately the causes 
of sucli deterioration, and the manner in which it 
progresses, have not been quantitatively evaluated. 
When a faulty line has been removed from service 
due to inherently defective insulation, the cable 
engineer has lacked adequate tools with which to 
diagnose the basic cause of the trouble; tlie custom¬ 
ary visual examination of the insulation, layer by 
layer, and the mca.surcmcnt of overall dielectric 
loss have been useful in a rough qualitative way only. 
The questions, “Does ionization as met with in 
service significantly increase the dielectric loss of oil 
impregnated paper?” and, “If oxidation is a major 
cause of in sulation deterioration, does the oxygen 
come from inbreathed air, or is it released by chemi¬ 
cal agencies from the paper?” have remained un¬ 
answered and have had to wait upon new and more 
delicate methods of measurement. 

The conception that the origin and nature of 
deterioration of cable insulation might be traced by 
investigating the variation of the deterioration in a 
radial direction from sheath to conductor led to the 
development of 2 new procedures which should 
prove of great value in practical work. If, for 
example, the radial deterioration reached a maxi¬ 
mum at the conductor, the inference might be drawn 
that it was at tliat point that deterioration com¬ 
menced. The cause of the deterioration in such a 
case, it was felt, might be learned by plotting in a 
radial direction the pertinent physical, chemical, 
and electrical characteristics. In attempting to 
measure deterioration in this way, it was found, 
however, that either no methods of measuring 
changes in these characteristics with service aging 
of oil impregnated paper insulation were available, 
or that those in use were not sufficiently sensitive. 
It was only after several years’ work on the measure¬ 
ment of the various characteristics that two methods 
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products in the oil from the paper tapes, layer by layer, from sheath 
to conductor. The results obtained by applying these methods to 
several types of service aged cable are reported, together with the indica¬ 
tions which they give of the relative importance of ionization and 

oxidation as aging factors. 
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which are sufficiently accurate to yield significant 
results were developed. The first of these was the 
determination of power factor at elevated tempera¬ 
ture of individual paper tapes taken from cable; 
for this purpose a new cell was designed and con¬ 
structed. The second consisted of the application 
of the phenomenon of spreading of oils on a water 
surface to determine the oxidation products in the 
oil from individual tapes of aged cable; this method 
is valuable in interpreting the radial power factor 
curves obtained by the first method. Both methods 
promise to be of great help in the solution of a 
number of practical problems. For this reason they 
will be described in detail, together with the results 
obtained witli them in the examination of several 
types of cable. 

Power Factor Cell for Paper Tapes 

In designing a practical cell for the measurement 
of power factor of individual paper tapes, it was 
necessary to meet four requirements: sensitivity, 
ability to maintain a constant elevated temperature 
during operation, accuracy, and rapidity of opera¬ 
tion. 

The completed instrument is shown in Figs. 1, 2, 
and 3. It is extremely simple in design. Essentially 
it consists of a long rectangular inetal box, in the 
bottom of which is mounted the high voltage elec¬ 
trode. A long metal bar or block fitting snugly mto 
the top opening of the box and capable of being raised 
anrl lowered, constitutes the active electrode as¬ 
sembly. Small openings at each end of the box per¬ 
mit paper tapes to be inserted between the two 
electrodes for measurement. Resistance heaters 
installed in the two slotted sidewalls provide for 
elevation of the temperature. All metal parts are 
of brass. 

Sensitivity is increased by the use of extra-long 
electrodes (18 in.). The large amount of metal used 
provides a heat reserve whidi insures against varia¬ 
tions in temperature due to the introduction of each 
new sample. Accuracy has been obtained by care¬ 
ful guarding of the active electrode; since the latter 
is only Vs iii- width, the usual V 87 in. tape over¬ 
laps the electrode by Vw ffi- side. The ease 

with which the sample may be introduced into the 
cell, properly aligned and the electrodes adjusted, 
and the short time required for the tape to come to 
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temperature equilibrium, make for rapidity of 
measurement. 

The temperature, of the cell as measured by a ther¬ 
mocouple placed in the active plate assembly is 



Fig. 1—Ckll for Measurbment of Power Factor of Paper 

Tapes 


recorded automatically. It is adjustable within a 
reasonable range. 

Good contact between the electrodes . and the 
sample is essential for reliable measurements. In 
order to eliminate the effects of wrinkles in the tapes 
or of excess compound, pressure is applied to the 
movable electrode. After determining the change 
of power factor over a range of pressures, a value 
of 6.4 lb per sq in., above whi^ no appreciable 
change of power factor was noted, was selected as 
standard for all measurements. 

The thickness of the paper tapes in the cell is 



Fig. 2—^Inside View of Power Factor Cell for Paper Tapes 


indicated by a dial gage. The latter provides a 
useful means for determining the voltage to be 
applied to the electrodes when a constant stress per 
mil is being used for measurement. 


Measuring Equipment. The equipment used to 
determine tk^e power factor was a modified Sche^g 
bridge. The modification consisted of an auxiliary 
arm which makes possible the maintenance of zero 
potential between all active electrodes and leads, 
and their respective guards, thus preventing any 
error due to capacity current between active parts 
and ground. For the detector a phase shifter and an 
a-c galvanometer now are being used, although the 
early work was carried out with a less sensitive 
combination of synchronous commutator and d-c 
galvanometer. 

Procedure. The procedure in using the cell for 
the measurement of power factor of cable insulation 
^yer by layer is as follows: 

A 2-ft sample is cut from the cable to be examined. 
The lead sheath is then removed. If the cable is of 



Fig. 3—Cutaway View of Power Factor Cell for Paper Tapes 


the three-conductor type, two of the conductors are 
stored in a glass tube Iffied with dry nitrogen. The 
shielding is removed from the remaining conductor, 
and the first layer of paper tape carefully unwrapped. 
Six inches are clipped from each end, and discarded. 
A short length is next cut off for the hydrophil deter¬ 
mination to be described later. The tape is then 
folded in two, and inserted by means of a long ^in 
metal guide strip into the test cell, the latter having 
been brought to 60 deg C, the temperature decided 
upon as standard for this work. 

A similar procedure is followed with each selected 
tape down to the conductor. Usually each fifth 
layer only is tested, except in the vicinity of the 
sMelding and of the conductor, where sometimes 
it is desirable to test every layer. The practice is 
to delay the unwrapping of the tapes until the cell 
is ready for the next tape, so that exposure of the 
tapes to the air will be reduced to a tniniirm-m 

In operation the time required from the un¬ 
wrapping of a paper tape to the completion of the 
power factor measurement is only 3 min- or less, 
an interval which has been ^own to be sufficiently 
short to make the effects of moisture adsorption or 
oxidation negligible. 

In early work a constant voltage of 1,000 volts 




I>eeembfer 1S33 


A NEW METHOD OF INVESTIGATING CABLE DETERIORATION 


1037 


was applied to the electrodes without making allow¬ 
ance for differences in thickness of the tapes. A 
constant stress of 60 volts per mil is now used rather 
than a constant voltage across the electrodes. It 
has been found that the power factor of oil impreg¬ 
nated paper tapes is somewhat dependent upon 
voltage, this characteristic varying with the degree 
of deterioration. These effects, however, are not of 
sufficient magnitude to sensibly alter the findings 
reported herein. 

The Hydrophil Determination 

The hydrophil test is an extremely useful method 
of determining the total oxidation products in an 
insulating oil. It was first used for this purpose by 
Sbankliti and McKaye* who applied the pioneer 
work of Langmuir* on pure substances. The method 
has been applied successfully to the determination of 
the oxidation products in the oil taken from each 
layer from sheath to conductor of service cables. 
The test is invaluable in this work because of the 
exceedingly small sample of oil required—as little as 
*/ioo gram may be taken as compared with 20 grams 
for the standard add number test. Furthermore, 
the method indicates the total content of oxida¬ 
tion products in the oil induding adds, alcohols, 
esters, ethers, and all other oxidation products, 
whereas, the acid number is an indication of the 
amount of one type of oxidation product only. 
The number of oxidized molecules determmed by 
the hydrophil method may be over 20 times as 



p^G. 4 —^Film Prbssotb Balancb for Mbastobment or Oxidation 
Products in On. 


great as that calculated from the add number, 
according to Race.< The electrical characteristics 
of oil oxidized by contact with air are in general 
influenced more by the total number of oxidized 
molecules than by the number of any one type of 
oxidation product that may be present. For such 
reasons the hydrophil test should prove more valu¬ 
able in determining the relation between the didectnc 
loss of an oil and its content of oxidized material. 

The hydrophil content of an oil is determined by 
dropping on a water surface a known number of oil 
molecules, the number being calculated from the 
weight or volume of oil used. Those molecules 
which rnntaiti only hydrogen and, carbon atoi^ are 
inert and will remain grouped as a lens without 
•spreading. Those molecules which contain oxygen 


atoms are attracted by the water and spread out in 
a layer one molecule deep. The number of oxidized 
molecules is obtained by measuring the area of Ae 
spread, and dividing this value by ttie area occupied 
by each such molecffie on the water surface, which is 
known within narrow limits. 

Apparatus, The apparatus used for the work to 
be described is of the torsion t 3 rpe devised by N. K. 
Adam.® It consists of a long shallow paraffined 
brass tray on which is mounted a torsion head (Fig. 
4). On the water with which the tray is filled rests 
a paraffined metal float which is connected to a mirror 
and to the torsion device. Pressure against the float 
is measured by reading the angle of torsion required 
to return a beam of light reflected by the mirror to 
the zero point on a vertical scale. 

Operation and Calculation. In operation a given 
amount of oil, usually in benzol solution, is (topped 
on the water surface. The resulting film is com¬ 
pressed by moving a paraffined glass barrier toward 
the metal float, and the pressure against the float 
determined by the torsion device. Tlie area of the 
film at this pressure is then measured. Other force- 
area readings are obtained by moving the glass 
barrier to several positions and reading the cor¬ 
responding pressures. By plotting the force-area 
(jurve and extending it to cut the area axis, the Mea 
of the film at zero compression may be determined 
more accurately than by other methods su<di as 
those involving the use of a talc barrier. Knowing 
ttii;:; area and the weight of oil placed on the water, 
the percentage of oxidation products may be calcu¬ 
lated from ttie formula: 

. A X ilf X 100 

Per cent hydrophils = ^ ^ X IT 

where 

A =» area of film at zero compression, sq cm 
a =« area occupied by one molecule on water surface, sq cm 
M “ average molecular weight of the oil 
V) weight of oil placed on water, grams 

N = 6.06 X 10®* = number of molecules in a molecular weight of 
the oil 

In applying this formula, the area occupied by 
each oxidized molecule is assumed to be constant, 
although it actually varies between 20 and 25 square 
AngstrSm units (20 X 10“^* to 25 X 10“^* sq mm) 
for most oxidized oils, and in some cases the vdues 
may be considerably greater than 25 square Ang- 
strdm units. The molecular weight of cable oils, 
whicii usually varies from 300 to 600, need not be 
Trnnwn for comparative work, as an average value 
may be assumed; however, if results closer to the 
absolute are desired, the molecular weight of the oil 
should be determined. 

The area of spread per gram of oil for the different 
layers between sheath and conductor is reported as 
percentage of oxidation products on tiie assumption 
that the molecular weight of the oil in each case 
is the same. Experimentally it has been found 
that the molecular weight and the viscosity of the 
oil do vary across the radius of a used cable. The 
shape of the radial hydrophil curves would not be 
changed, however, if it were recognized that a radial 
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Figs, 5, 6, and 7—Power 
Factor and Oxidation 
Products for Individ¬ 
ual Layers From Con¬ 
ductor to Sheath op 
Cable 

Fig. 6 (Left)—A cable after 
one year in service 
Fig. 6 (Middle)—One core of 
cable, laboratory>aged by 
load-cycle methods 
Fig. 7 (Right)—One core of 
new cable direct from the^ead 
press 


variation in molecular weight existed and the ordi¬ 
nates as plotted were labeled, “area of spread per 
gram of oil,” instead of “per cent hydrophils.” 

Procedure. As the paper tapes are removed one 
by one for measurement in the power factor cell, 
a 3 in. to 2 ft length is clipped from each, cut into 
V 2 m. pieces, and dropped into a glass bottle con¬ 
taining 5 to. 10 cu cm of benzol. After standing 
for about 3 hours in contact with the paper, the 
benzol solution is shaken up. Exactly 5 cu cm of 
solution are pipetted off, the benzol evaporated, and 
the residue weighed; in this manner the concentra¬ 
tion of the oil in the solution is determined. At 
the same time a 0.1 to 1 cu cm of solution is drawn 
off in a standardized 1-cu cm pipette, and placed on 
the water surface of the film pressure balance. The 
area of spread, and from it the percentage of hydro¬ 
phils, is then determined in the manner already 
described. 

Certain precautions must be observed to obtain 
reliable results. For example, oxidation of the oil- 
benzol solution in contact with the paper samples 
take? place due to dissolved air; this can be readily 
detected by the sensitive hydrophil test. There is 
reason to believe that such oxidation is much more 
rapid when oils are used which have been subjected 
to ionization. Hence, the solutions should not be 
permitted to stand longer than 3 hours before 
measurement if accurate results are desired. 

A source of error is the impurities in the (^emically 
pure benzol as ordinarily obtained. All benzol 
should be redistilled, and only that fraction which 
boils at 79.0 to 79.1 deg C used. 

It is hardly necessary to point out that care should 
be taken during sampling to avoid contamination 
by the fingers, to see that freshly distilled wa-ter is 
used after each run, and to recheck the calibration of 
the torsion device every few days. 

Application op the Radial Method to Aged 

Cable 

With the aid of the methods described above, some 
30 samples, selected from three-conductor 24-kv 


^-type cable, new and aged, have been investigated 
in a radM direction. All were impregnated with 
straight mineral oil unless otherwise stated. Typical 
results on sendee aged, acceleratedly aged, and new 
cables are given in Figs. 5, 6, and 7, respectively. 
No wax was found in any of the latt^ cables when 
they were dissected. The service aged cable was 
manufactured in 1927, and had been in service one 
year. A general similarity between the power fac¬ 
tor and oxidation curves may be observed. 

The curves of Fig. 6 were obtained from cable of 
1930 manufactme. The sample tested was cut from 
the center section of a 45-ft length which had been 
on accelerated aging under continuous double operat¬ 
ing voltage for about 2,700 hours. During the 
initial heating and cooling cycles a small amount of 
compound l^ed from one polhead. The high 
values for oxidation products and power factor at 
conductor and sheath therefore might be explained 
on the b£isis of air leakage at the pothead, along the 
copper conductor and along the filler spaces, followed 
by radial penetration of the insulation. 

In contrast to the results obtained with service 
aged cables, the radial power factor and hydrophil 
curves for new cable of 1931 manufacture (Fig. 7) 
are^ flat. From all these curves it is clear that de¬ 
terioration of cable insulation in a radial direction is 
non-uniform, and that the form of the radial curves 
may give some due as to the nature and cause of such 
deterioration. 

In ^ most cable samples all 3 conductors were 
examined for uniformity as to radial characteristics. 
The results for the 3 conductors of a 1928 mineral 
oil cable aged one year in service are shown in Fig. 8. 
In addition to radial power factor and oxidation 
cunres, the amount of wax present in the ingiilatinti 
is indicated as estimated by visual examination. In 
this case the hydrophil curves do not explain the 
power factor curves as well as in the previous ex- 
^ples ^ven. The explanation appears to be that 
in addition to oxidation another aging factor is pres¬ 
ent, namely, ionization. This is borne out to some 
extent by ^e curves for conductor 1, where the least 
correspondence is apparent between hydrophil value 
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Fig. 8 —Power Factor, 
Oxidation Products, 
AND Wax for Individual 
Layers From Conductor 
TO Sheath op Three 
Cores of a Cable After 
Four Years in Service 


and power factor, but where ionization as indicated 
by the wax deposits has occurred with considerable 
intensity uniformly from conductor to sheath. The 
effect of ionization appears to have been to raise 
the middle portions of the power factor curves for 
conductors 2 and 3 from about 1.2 per cent to about 
2.2 per cent. In any case the general level of power 
factor of conductor 1, where wax is in abundance 
throughout the insulation, is higher than in the 
other conductors where no wax is present in the 
middle portion of the insulation. 

It should be noted in Fig. 8 that the character of 
the deterioration is different in the 3 conductors. 
This observation is true for a niunber of other 
cables which have been examined. 

An interesting example of differences in degree of 
deterioration of three adjacent conductors is that of 
a cable which had been subjected to accelerated 
aging for 4,000 hours (Fig. 9). A general agree¬ 
ment can be observed between the character of the 
power factor and hydrophil curves of conductor 2 
in which no wax was present; hence in this case the 
deviation of the radial power factor from a stra^ht 
litip may be satisfactorily explained as due to oxida¬ 
tion. In the case of conductors 1 and 3, there 
does not appear to be any marked similarity between 
the hydrophil curves and the power factor curves. 
Upon entering the inner 30 layers of tape which 
contain heavy deposits of wax the power factor curves 
turn downward. The wax was present in an unusual 
form; instead of the usual flaky appearance, it 
looked more like a highly viscous gum which pene¬ 
trated the paper, cementing adjacent tapes together 
so tenaciously ^at they could not be separated 
without tearing. Moreover, whereas wax flakes 
as usually found are surrounded by oil, in this case 
the original compound appeared completely changed 
to the gum-like wax, so that no hquid paths for 
conduction were present. A plausible e^lanation 
of the lack of correspondence between the power 


factor and hydrophil curves where the wax is present 
is that ^e ions which are normally responsible for 
at least the major part of the didectric loss are ren¬ 
dered almost immobile by the viscous gum and hence 
cannot contribute to the loss. When, however, the 
paper tapes are placed in benzol, solution of the gum 
talfps place, the oxidation products are freed and may 
be measured as hydrophils in the usual way. 

The radial melhod has also been applied to cables 
of the belted type. Instead of the single U-shaped 
curve between conductor and sheath often found on 
H-type cable, a double U-shaped curve (one U- 
shaped curve for the core and another for the belt) 
has been obtained on the several samples so far ex¬ 
amined as both power factor and hydrophil curves 
are plotted from conductor to sheath across the 
core and belt insulation. Both power factor and 
hydrophil values for the belt are lower than for the 
conductor insulation. This difference may be due 
either to the lower temperature which is experienced 
by the belt tapes, since the conductor tapes pass near 
to the center of the cable where the temperature is 
highest, or to the different grade of paper which is 
usually used for the belt insulation. 

The results on one conductor and the belt of a 
petrolatum cable after 8 years in service are shown 
in Fig. 10. In obtaining the hydrophil curves, some 
difficulty was experienced due to the rigidity of the 
oil film on the water. It was found necessary to 
measure the total area of spread in place of obta inin g 
the customary force-area readings, with consequent 
sacrifice of accuracy. However, previous work on 
belted cable leaves no doubt that the radial hydro¬ 
phil curves are roughly double U-shaped. 

Radial measurements of hydrophils on cables con¬ 
taining rosin or rosin oil were at first avoided be¬ 
cause the hydrophil determination in such cases is 
subject to a number of difficulties not found with 
straight mineral oil cables. Since rosin itself is a 
hydrophil, the high percentage of rosin masks the 
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Fio. 9 —Power Factor, 
Oxidation Prodocts, 

AND Wax for iNDIVIDnAI, 

Layers From Conductor 
TO Sheath of Three 
Cores of a Cable, 
Laboratorv-Aobd by 
Load-Cycle ItlsTHODs 



small quantities of hydrophils developed by de- 
tmorating agencies. In spite of this and other 
diflBlculties some success has attended the several 
attempts that have been made. Radial power 
factor curves on a belted-type cable containing about 
6 per c^t rosin are shown in Fig. 11. Here a de¬ 
terioration maximum is indicated at a point inter¬ 
mediate between conductor and sheath. These 
curves are regarded as unusual, and are not t 3 q)ical. 
So far no comparison can be made between radial 
deterioration of cable impregnated with straight 
mineral oil and of that of cable impregnated with 
compounds containing rosin. 



Fio. 10 ^PowBR Factor and Oxidation Products for Individual 
Layers From Conductor to Sheath of One Core and the Bbslt 
of a Beltbd-Tyfb Pbtrolaxum-Imerbqnatbd Cable After Eight 
Years in Sbrvicb 


On older type cables, manufactured previous to 
1920 and in service over 10 years, the power factor 
curves which have been obtained are roughly U- 
shaped, and of very high value. It is not unusual 
to find the 60 deg C power factor as high as 10 per 
cent at the lowest point and rising to over 15 per 
cent at conductor and sheath. 

Other types of cable in addition to the three- 
conductor 24-kv type have been examined radially. 
One abnormal type of deterioration was encountered 
in several samples of single conductor cable in which 
the 40 deg C power factor curve rose to a maximum 
of over 15 per cent at points intermediate between 
sheath and conductor, although for corresponding 
new cable the 60 deg C power factor curve was of 
low vdue and essentially flat, illustrated in Fig. 12. 
In this abnormal case of deterioration the radial 
hydrophil curve did not completely exp lain the radial 
power factor curve. This case is dted to show the 
miusual types of deterioration which may take place 
in service, and the value of the radial method in 
charting them. 


. Discussion 

There is little doubt that the hydrophil curves in 
F^. 5 to 9 represent oxidation of the insulation. 
The question now arises as to the source of the 
oxygen. There are 5 possible sources: air left 
m the oil or insulation at time of manufacture air 
drawn, in at time of installation, air breathed in at 
porous pint wipes or at imperfections in the lead 
^eath dmg load-cycles, moisture due to imperfect 
mying which might be resolved by electrolysis, or 
^e <^ble pap^ itself. Considering the paper first 
It ^ht fur^h oxygen to the oil in 2 ways, 
either by sphttog off oxygen from the cellulos^ 
molecule tiirough the agency of ionization, or by solu- 
uon m the oil of lignins, resins, and associated ma¬ 
terials which are present in small amounts in most 
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cable papers. Experiments appear to show that 
cathode ray bombardment of oil impregnated paper 
in vacuum does not produce oxidation of the oil as 
a result of disruption of the cellulose molecule, but 
that the oxygen-containing materials such as lig¬ 
nins, which are present in the cable papers, may be 
attacked and go into solution in the oil under bom¬ 
bardment. It is possible that under severe ioniza¬ 
tion they may increase the hydrophil content as 
much as one per cent. The effect of these materials 
is to promote oxidation of the oil when air is present, 
and probably to lower the resistivity. 

Air occluded in the cable during manufacture or 
installation, or breathed in at porous joints or leaky 




Fig. 11—^PowBR Factor and OxmATioN Products for Indotdual 
Laybrs From Conductor to Shbath op Onb Corb and thb Bblt 
op a Belted-Type Cable After Four Years in Service 

An abnormal curve obtiuned on a cable containing 0 per cent ro^n 


potheads during operation, is beUeved to be Ike 
principal cause of the oxidation exhibited by the 
radial hydrophil curves. There is some supportmg 
evidence for this point of view. First, it is common 
experience that wat^ can penetrate 50 or 100 ft 
along the filler spaces and between the conductor 
strands of if-type cable. Air should penetrate evm 
farther than water; the layers of insulation ne^ me 
sheath and near the conductor therefore could be¬ 
come oxidized, resulting in roughly U-shaped Curves. 
It does not appear that these curv^ can be due to a 
slight a-c electrolysis of moisture in the msulatioi^ 
because the shapes of the curves obtained on both 
iJ-tvpe and belted cable are not consistent wim sum 
an explanation. Occasionally radial hydrophil 
curves were obtained in which oxidation had oc¬ 
curred at either the conductor or the sheath omy, 
apparently showing that air whi<k had penetrated 
atong a single channel furnished the necessary oxy- 



Fig. 12—Power Factor 
OF iNDivipuAL Layers 
From Conductor to 
Sheath of a Single 
Conductor Cable in 
Which Abnormal De¬ 
terioration Has Oc¬ 
curred 


gen. Again, it has been found that a new cable 
which yielded a flat radial hydrophil curve when 
delivered, yielded a roughly U-shaped hydrophil 
curve after one year’s storage in spite of the fact 
that immediately after cutting of the origmal sample 
the cable end had been meticulously sealed; see 
Fig. 13. A sitnilar finding was made on another 
sample which had been similarly sealed and stored 
for one year. Fig. 14. In this case no measurements 



Fig. 13—Oxidation Prod¬ 
ucts OP Individual Layers 
From Conductor to 
Sheath op a Cable as Rb- 
CBivED From Factory and 
After One Year’s Storage 


of the types here under consideration were made 
upon the cable as received but there is reason to 
believe that the hydrophil c^es were flat. The 
radial power factor curve of Fig. 14 tmds to confirm 
the radial hydrophil curve and to indicate that some 
change has occurred in the cable. The most prob¬ 
able source of the deterioration appears to be oxi¬ 
dation due to inbreathed air. 




Fig. 14—PowMt Factor 
AND Oxidation Products 
OP Individual Layers From 
Conductor to Sheath op 
New Cable After Stand¬ 
ing Reeled for One Year 
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A more exact correspondence between radial power 
factor and hydrophil is not always obtained because 
the power factor is measured on a long piece of tape 
whereas lie hydrophils are often measured on a 
shorter piece. Since deterioration is not always 
imiform along the length of the tape, it is obvious 
that the power factor values may be more representa¬ 
tive of the general deterioration than hydrophil 
values. 

In interpreting the curves which have been pre¬ 
sented, stress must not be placed upon the differ¬ 
ences in the absolute value of hydrophil content 
which will be seen from the figures to vary from 
cable to cable within rather wide limits wi^out a 
correspondii^j change in the power factor values. 
It cannot be expected that a constant ratio will 
obtain between power factor and hydrophil content, 
especially when different cable compounds are being 
compared as in the work just described. The im¬ 
portant thing to watch for is similarity in character 
of the radial hydrophil and power factor curves. 

In comparing the radial power factor and hydro¬ 
phil curves, attention should be directed only to the 
correspondence of maximums and tntnimutns , since 
^e vertical scale of one or the other could be ad¬ 
justed to produce an unfair similarity. The same 
end might also be accomplished by varying the 
temperature of the power factor measurement; the 
low portions of the curve would not greatly change 
position with temperature, whereas the high portions 
would be sensitive to temperature variation. 

Effects of Exposure of Tape During Measuring. 
The^ errors due to exposure of the paper tapes to the 
air in the interval between their removal from the 
cable and their measurement in the power factor 
ceU ha.ve been studied. The effect of moisture and 
oxidation together was determined by hang in g up 
tapes in the laboratory atmosphere and measuring 
at intervals. The results on several tapes are given 
in Table I. The effect of oxidation alone was de- 

Tablb I—^Epbbct op Exposurb op Dbtbrioratbd Papbr Tapes to 
Laboratory Atmosphere 


(Average Relative Humidity «= 35 Vot Cent) 


Total elapsed time 
of exposure 

Power Factor, 

Sample 1 

Per Cent 

Sample 2 

Hr 

Min 



0 

0 

2.6 

2,8 

0 

5 

2.6 

2.8 

0 

60 

3.2 

3.5 

27 

10 

10.2 

10.8 

48 

40 

10.6 

11.8 

Table II~ 

-Effect op Exposure of Deteriorated PaI^br Tapes 



TO Dry Air 




Power Factor. Per Cent 

Total elapsed time 


.. . 


of exposure 

Sample 1 Sample 2 

Sample 3 

Hr 

Min 



0 

0 

2.4 1.2 

2.7 

28 

0 

2.4 4.6 

3.8 

37 

30 

2.6 4.8 

4.1 


termined by placing selected tapes in a glass tube 
flushed out with carefully dried air. The results 
are given in Table H. The small change exhibited 
by sample 1 in Table II as compared with that of 
samples 2 and 3 may be explained on the basis that 
the^ latter were selected from a zone where intense 
ionization had taken place, resulting in the produc¬ 
tion of unsaturated hydrocarbons. The latter oxi¬ 
dize much more rapidly than the original oil. The 
effect of handling the tapes between the bare fingers 
cannot be detected by ^e power factor cell. 

From ■^ese data it may be concluded that ad- 
^rption of moisture is the major cause of increase 
in power factor when oil impregnated paper tapes 
are exposed to laboratory air, although oxidation 
also plays a part. Neither of these effects produces 
a measurable change within a 6-min period, so that 
the short exposure in unwrapping tapes from cable 
has no influence on the power factor measurement. 

The hydrophil and wax characteristics which have 
been plotted radially for these cables are not always 
sufiEicient to explain the variations in the radial power 
factor curve. For example, the radial power factor 
is sometimes found to turn upward near the sheath, 
wh^eas the hydrophil curve is flat, even when no 
ionization has been present. In such a case it is 
thought that the increase in power factor may be due 
to moisture adsorbed before the application of the 
lead sheath. It is resettable that so far no method 
for moisture determination sensitive enough for a 
tape-by-tape investigation is available. 

Occasionally other deteriorating agencies may be¬ 
come st^ciently pronounced as to obscure any re¬ 
lationship between radial power factor curves and 
radial hyckophil and wax curves. Besides infiltra¬ 
tion of moisture, solution of copper in the impregnat¬ 
ing oil near conductor and shielding tape, which has 
been foimd to take place to a small extent in cables, 
may in certain cases affect the radial power factor 
curves. 

M irregularity is frequently noted in the hydro¬ 
phil ciurve within a few layers of conductor or 
shea^. This is thought to be due both to the 
dilution effect of the excess oil between the conductor 
stiands, and to solution of traces of copper in the 
oil. The decrease in power factor of the second 
layer from the conductor is in some deteriorated 
cables marked. The effect is often found at both 
copper conductor and shielding tape in .ff-type 
cable, but only at the conductor in belted type. 

^ interesting observation is that most of the 
oxidation products are concentrated in the oil within 
the paper tape rather than in the excess interlayer 
oil on. the outside of the tapes. This is shown by 
separate hydrophil determinations on oil wiped off 
the outside of the tape, and on oil dissolved by in«»g.ng 
of benzol from within the tape. 

The radial method should prove of value in de¬ 
termining the distance from joints or leaky potheads 
at which oxidation effects are obtained. It should 
also be useful in testing the insulation in the vidnity 
of failmes, and in determining the causes of in¬ 
creased dielectric loss in cable aged by accelerated 
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methods. ^ It also provides a means for determining 
the progress of deterioration with years of service. 
In addition many abnormal cases of service deteriora¬ 
tion occur where the method might yield new in¬ 
formation. On new cable, the method might be 
used to detect deterioration due to storage; or to 
bring to light errors in the manirfacturing process, 
such as the use of oxidized oil for impregnation. 

SXIMMARY 

A useful method of studying the nature and 
source of service deterioration of oil-impregnated 
paper-insulated high-tension cable is to measure t^e 
electrical and chemical characteristics in a radial 
direction, layer by layer, from sheath to conductor. 
Two methods have been described for measuring, 
respectively, the power factor and oxidation products 
of individual layers of insulation. By applyii^ 
these methods to used cable, a radial power factor 
curve is obtained which may fixmish valuable infor¬ 
mation as to the degree and source of deterioration. 
There is also obtained a radial curve for oxidation 
products which, together with a radid wax ciurve 
determined by estimation, will explain in most cases 
the radial power factor curve, and may furnish v^u- 
able information as to the nature of the deterioration. 

Application of the radial method to a number of 
used cables leads to the following conclusions: 

1. Deterioration of cable insulation in a radial direction is non- 
uniform. 

2. A major cause of deterioration of solid-type cables in service is 
oxidation. Oxidation also causes deterioration of cable dunng 
storage in the cable yard. 

3. Leakage of air into and along the cable, either at time of installa¬ 
tion or during operation, and air occluded in the cable at time of 
manufacture, are probably responsible for the oxidation of the in¬ 
sulation. 

4. Ionization, as indicated by wax deposit,_ does not necessarily 
cause sharp increases in dielectric loss of individual paper tapes. 

5. The deterioration of 3-conductor cables is frequently markedly 
different on 1 core than on the other 2. 

The new tools should prove of practical value in 
the study of a number of insulation problems. They 
will be useful in determining the nature and source of 
the deterioration which goes on in cables in storage 


and in service, and how this deterioration progresses 
with years of service. They should also show the 
part that leaky joints and potheads play in causing 
deterioration and the remedial effect of oil reservoirs. 
They should throw new light on many abnormal 
types of deterioration. In addition the new tools 
should be helpful in checking and improving the 
manufacturing processes. In all cases where de¬ 
terioration is experienced with thin laminated 
insulation as in cables, condensers, and transformers, 
application of the new tools should constitute a 
valuable diagnostic method. 
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Precision Timing of Athletic and Other Sporting 

Events 


BY C. H. FETTER* 

Associate A.I.B.B. 

P RECISE TIMING of athletic contests, aero¬ 
plane racing, and other similar sporting events 
in the establishing of new records against time, 
has been a subject of increasing interest during the 
last few years. A good runner will travel approxi¬ 
mately a yard in Vlo of a second, and races frequently 
are won by a margin of inches. It is thus evident 
that if time records are to be employed as a common 
denominator for comparing athletes and for the just 
awarding of records, a timing system accurate to 
the order of Vioo of a second is required. 

Until recently, athletic races have been timed by 
stop watches; experience has shown that even with 
competent timers, the variation of iadividual read¬ 
ings from the average indicates that the over-all 
probable error is undesirably large. These errors 
are the result of both mechanical limitations in stop 
wat<^ design and errors in human judgment, which 
are involved in starting and stopping the watches 
at the proper instaht. The rate of a good stop watch 
may be accurate to within a few seconds per day; 
but in the authors’ observation of stop watches and 
measurements upon them, these rates have shown a 
wide variation and unless a watch is very closely 
adjusted and kept in good condition, it is apt to have 
a considerable error.. 

Lack of precise time measuring apparatus for 
athletic events long has . been recognized. The re¬ 
quirements which formed the basis for the system to 
be described were outlined first by Gustavus T. 
Kirby, chairman of the advisory committee of the 
Inter^llCgiate Association of Amateur Athletes of 
America (I.C.A.A.A.A.) to whom the authors are 
greatly indebted for cooperation in the development 
and trial of the timing system. 

In a track event the race is started by means of a 
pistol. The race begins at the visible flash of the 
pistol, regardless of when the sound reaches the 
ears of the runners or the ears of a manual timer. 
This may be contrary to the popular impression 
that the sound of the gun denotes the beginning of 
the race. The dependence upon sound would intro¬ 
duce an error of 0.27 sec in a race where the distance 
between starter and timers was 100 yd. The 
race is finished when the torso of the runner has 
reached a line on the ground which defines the end 
of the course. A tape stretched between two posts is 
there merely for the gmdance of the runners and the 
judges, and has nothing to do with the finish line 
of the race. The standard tape consists of a loosely 
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tories, Inc., New York, N, Y. 
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woven yarn and frequently it is opt of line with the 
finish mark on the ground, because of wind pressure. 
The tape may be broken by a runner’s hand before 
he crosses the line, or a runner by falling at the finish 
line may even finish a race without breaking the 
tape; because of these facts, any mechanical con¬ 
trivance associated with the tape was out of the 
question. In addition, as far as athletic events are 
concerned, timing was not the sole problem; judging 
the position of the second, third, and sometimes the 
fourth numer, particularly in elimination contests, 
was found to be of considerable importance. There¬ 
fore, it was concluded that the only satisfactory 
method of timing and judging a race was by means of 
a motion picture camera tiiat would photograph 
both the action of the contestant at the finish, and 
his time. Mr. Kirby, without the authors’ knowl¬ 
edge at the time, also had arrived at the same con¬ 
clusion, and a discussion and interchange of views 
in the summer of 1931 marked the beginning of tins 
development. As a result of his aggressive interest 
and kind cooperation, the camera used has been 
called the Kirby Two-Eyed Camera. 

Apparatus akd Method op Operation 

The t iming system was developed primarily to 
meet track conations and to enable the measure¬ 
ment of time with an error not to exceed one Vioo 
sec in a one-naile or shorter race. Briefly described, 
the system comprises a 200-cycle frequency genera¬ 
tor, the time standard of the system; a synchronous 
motor; a clock driven by the synchronous motor 
through an electromagnetic dutch; and a high 
speed motion picture camera equipped with two lenses, 
one to photograph the action of the runner at the 
finish line and tiie other to photograph the dock. 
The dock consists of three concentric dials of which 
the inner dial, wilh 100 divisions, rotates at one revo¬ 
lution per second; the middle dial, having 60 divi¬ 
sions, rotates once a minute; and the outer dial, with 
60 divisions, revolves at one revolution per hour. 
In this way it is necessary to photograph only a 
small segment of the three concentric dials in order 
to obtain the time in minutes, seconds, and hun¬ 
dredths seconds. 

Operation of the system is evident from the 
schematic diagram. Fig. 1. The synchrohous motor 
rotates contmuousty. The dock dials are engaged 
with the rotating motor by means of a polarized 
magnetic dutch operated by the discharge of a 
condenser at the beginning of the race through a 
contact in the starter’s pistol; this starts the dock 
from its zero position. Just prior to the end of the 
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race the camera is operated to photograph the 
runner and the time registered by the dock. After 
the race is over, the clock mechanism is disengaged 
from the motor and the dials are reset to zero; 
the system then is ready for the next event. 

Frequency Generator 

The 200-cycle frequency generator contains a 
tuning fork and an amplifying system. The tuning 
fork is the heart of the timing system for measure¬ 
ments of time are dependent upon its rate of vibra¬ 
tion. The utmost care, therefore, has been taken 
in the design, construction, and operation of the 
timing fork and its associated parts in order to 
maintAin the fork frequency as closely as is prac¬ 
ticable to 200 cycles per second. The fork itself 
(see Fig. 2) is made of a special alloy which reduces 



Fig. 2—The Tuning Fork Is the Time Standard of the System 


the effects of temperature change on frequency to a 
minimum. In addition, the fork is mounted in a 
heat insulated box provided with a thermostatically 
controlled heater capable of keeping the fork tem¬ 
perature essentially constant though the generator 
may be operating for an indefinite period of time in 
the tropics at 120 deg F or in northern winter 
weather of 20 deg F below zero. 

Tests made under extreme temperature conditions 
have shown that the resulting frequency change 
contributes but a minor part of the total system 
error. The fork and the electromagnetic driving and 
pick-up coils are held together by a strongly built 
casting which, in turn, is suspended by rubber sup¬ 
ports to eliminate the effects of external mechanical 
vibrations that might be of a frequency such as to 
rliatig p the period of vibration of the fork. As a 
further precaution, the whole fork box also is sus¬ 
pended by similar rubber supports. 


Associated with the tuning fork is a three-stage 
vacuum tube amplifier used to maintain oscillations in 
the fork and also to provide the power output neces¬ 
sary to drive the synduronous motors. The output of 
the first two stages of the amplifier is coupled electro- 
magnetically through the fork to the amplifier 
input so that the loss through the fork is offset by 
the g ain in the amplifier. The fork oscillations are 
maintained by amplifying the small currents gen¬ 
erated in the pick-up coils by the movement of ^e 
fork prongs, and using this amplified energy to <Wve 
the fork by means of the driving coils. A l imi ti n g 
device is placed in the circuit which automaticahy 
limits the amplitude of the fork with changes in line 
voltage of the amplifier power supply and also- 
reasonable aging of the vacuum tubes. ^ Such a de¬ 
vice is necessary in order that the; amplifier will not 
overload or the amplitude of the fork vibrations vary 
sufficiently to cause a change in frequency. The 
entire apparatus may be operated from commercial 
powq* sources with voltages from 100 to 126 volts 
and frequencies from 50 to 65 cycles. A photo^aph 
of the generator and clock is reproduced in Fig. 3.^ 



Fig. 3—^Amplifier Used With the Tuning Fork Generator^ 
AND Camera Clock 


As a further precaution to insure proper opera- 
tion, a simple checking circuit is provided whicffi 
permits an over-all check of the oscillating circnit 
and insiues that the vacuum tubes are functioning 
satisfactorily. Although this checking circuit will 
not directly check the frequency of the fork, it so 
rliPGkfi the associated circuits as to practically 
guarantee that the fork frequency is correct. 

The third stage of the amplifier is a push-pull 
power amplifier which is operated by ener^ diverted 
from the tuning fork driving coils. This ^ge of 
amplification provides ample energy to drive two 
synchronous clocks simultaneously and is arranged 
so that the frequency is independent of the ampMer 
load. The entire equipment is operated from an 
a-c source, a small portion of lie rectified and 
filtered plate power supply being used to operate 
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Fig. 4—Camera and Clock Assembly 


Fig. 6—Synchronous Clock Motor; 
Note Starting Lever at Bottom and 
Clutch Magnet at Left 




Fig. 6—Polarized Magnetic Cltttch 
FOR Starting and Stopping Clock 
Dials; Note Clutch Teeth 


the clutch mechanism. Though the ampUfier and 
clutch thus are intercoimected, they are isolated 
sufficiently well electrically so that the clutch opera¬ 
tion has no effect upon the amplifier that might cause 
a change in frequency. 

The Clock and Its Mechanism 

The clock assembly includes a synchronous motor 
which is connected by means of a clutch to the dials, 
through a gear train. 

Mechanical design of the clutch and clock mecha¬ 
nism involved the reduction of the moment of inertia 
of all high speed rotating parts to a miTiiTniim , and 
the use of specially hardened parts for the dutch 
members to minimize tooth wear. In order to pro¬ 
vide the dutch with a sufifidently high operating 
speed, the dutch magnets were made relativdy 
small in size and they are operated by the dis¬ 
charge from a condenser. This permits the use of 
much greater power for a few thousandths of a 
second than heating limits would allow if power were 
applied continuously. 

The dials appear on the top of the dock assembly; 
they can be reset by means of a peripheral ring sur¬ 
rounding the outside dial. A lamp house, mounted 
on top of the clock mechanism, provides a support 
for the camera and contains two ordinary 6-volt 
lamps for dock dial illumination. The au^ary 
optical system in the camera is designed to photo- 
^aph the clock dials while the main camera lens 
simultaneously records the action. A complete de¬ 
scription of the camera is given in a paper by F. E. 
Tuttle of the Eastman Kodak Company, Ro^ester, 
N. Y., presented at the April 1933 convention pf the 
Sodety of Motion Picture Engineers, hdd in New 
York, N. Y. A photograph of the camera dock as¬ 
sembly is reproduced in Fig. 4. 


“Stop” and “start” buttons are provided on 
the camera dodc so that it may be operated inde¬ 
pendently for testing. A jack also is provided in 
paralld with the “stop” key so that if ^e dock toe 
used without the camera, a cord terminated in a stop 
switch may be inserted in this jack to permit manual 
stopping of the dock by a human timer; this gives 
instantly the time, except for the error introduced toy 
the reaction time of the operator. 

Starter’s Pistol 

The starter’s pistol is provided with a contact 
inside of the butt which is adjusted to operate at the 
instant the hammer strikes the cartridge. Other 
methods have been proposed for providing this func¬ 
tion, but the contact method seems to be the most 
rdiable, and in hundreds of tests never has failed. 

Analysis op Errors in Timing System 

In designing a system of this type for a predsion 
of Vioo sec, it has been necessary to consider care¬ 
fully what errors may be involved. It will be hdpful 
to hst the possible errors and then analyze them 
individually. These errors are as follows: 

1. Variation in standard frequency supply. 

2. Error in operating the contact on t^e pistol. 

3. Variation in phase angle of lag of synchronous dock motor. 

4. Variation in operating time of dutch magnet. 

5. Error due to limited number of teeth on dutch. 

6. Error due to initial dial setting. 

7. Observational error in reading dials. 

In actual tests covering a period of several days, 
the frequency of a sample stock tuning fork and its 
associated driving circuit did not vary more than 
9 parts in a million, when calibrated against a 
quartz crystal oscillator having an error less than 1 
part in a million. Other sources of possible error. 
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such as variations in the vacuum tubes used to drive 
the fork and in power supply voltage, make the maxi¬ 
mum total indicated error ± 25 parts in a million, 
or =t: 1 part in 40,000, or at a rate of about 2 sec in 

24 hr. This is somewhat better than the precision 
generally attained in the highest grade watches. 
In practice, it means that in a one-mile race the 
error due to the fork alone will not exceed, and 
probably will be less than, 0.0075 sec, while in the 
shorter races, it will be entirely negligible, being 
only about 0.002 sec in the quarter-mile. 

The ignition time of a cartridge has been studied 
exhaustively by ammunition manufacturers, and is 
of the order of 0.001 sec or less, depending upon 
the kind of powder used. Since the “start” circuit 
contacts do not close until the moment the cartridge 
is hit, the acceleration time of the trigger is not a 
factor. 

The synchronous motor is of the variable re¬ 
luctance type shown in Fig. 5. The rotor has 20 
' teeth and operates at 600 ^m on 200 cycles. The 
normal phase angle of lag is approximately 15 elec¬ 
trical degrees, but this angle may vary from 5 to 

25 deg between minimum load widi maximum input, 
and maximum load with minimum input. However, 
the error under any given conditions at a particular 
race will not exceed 10 electrical degrees or only 
0.00014 sec. 


The clutch magnet, shown in Fig. 6, has a polarized 
magnetic circuit and therefore tends to hold firmly 
in either position after operation. The starting 
winding is closed by the contact on the starteris 
pistol. The time required to operate the magnet is 
0.006 sec, but the variation in this is small 
both the mechanical and electrical inertia of 
t he circuit are substantially constant. Therefore, 
allowance is made in the camera dock for ^e mean 
value of this error by setting the Vioo-sec dial ahead 
0.006 sec. In the case of the manually stopped auxil¬ 
iary clock no such adjustment is made since the time 
of stopping is substantially equal to the time of start¬ 
ing and they thus cancel out. An allowance of 
0.001 sec may be made for lack of complete com¬ 


pensation for this error. 

Another source of error is introduced by the clutch 
teeth. Since there are 80 possible lo<^g positions 
of the clutch, the maximum error is Vao of one 
revolution of fiic motor or 0.0013 sec from this cause. 
High speed motion pictures of the dutch operation 
showed no bouncing or slippage of the dutch mem¬ 
bers, and the operation was found to be always cor¬ 
rect to the nearest tooth. 

Error due to the initial dial setting is not more than 
0.001 sec if the dock dials have been adjusted 
properiy and the operator uses ordin^ care at the 
time of resetting. The dials are 
rect initial position by means of a detent m the reset 


Error due to inaccurate reading of the dials is, 
of course, a human error and is largdy a matter of 
Sill in estimating fractions of the Vioo^secjhviaons 
on the i nnpr dial. This should be practicable withm 
0.2 division or 0.002 sec. 


A laboratory check on the foregoing analysis was 
made using two clocks which were simultaneously 
started and stopped 100 times by means of common 
push buttons, resetting between successive opera¬ 
tions. Figure 7 shows the obsawed frequency dis- 



Fig. 7—Fkbqdbncy 
Distribution or 
Error in Operation 
OF Clock 


DevlATION IN TNOUSANOTHS. 
OFA SECOND 


tribution of the 100 differences between pairs of 
readings. If these differences were distributed at 
random in accord with the normal law of error about 
the observed average difference of —0.000^ sec 
with an rms deviation of 0.00136 sec, which is that 
of the observed distribution, the smooth dotted 
curve of Fig. 7 would be obtained. Deviations of 
the observed frequencies from this smooth curve are 
greater than may reasonably be attributed to (imce 
variations under statistically controlled conditions. 
It is found, however, that the skewness of the 
distribution is significantly different from zero and 
that the observed distribution can be fitted reason¬ 
ably well by the first two terms of the Gram-Cl^lier 
series; this may be taken as evidence of statistically 
controlled conditions where the objective distribu¬ 
tion of error for a given system is non-symmetrical. 
(See “Economic Control of Quality of Manufactured 
Product,” by W. A. Shewhart.) 

Of course, the data in Fig. 7 repre^t the com¬ 
parison of one system against another instead of one 
system against an absolute standard. Assuming 
that for all practical purposes the objective distribu¬ 
tion of error for one system is functionally the same 
as that for the other, and ^at the errors of one 
system are not correlated with those of the other, 
then it follows that perhaps the best estimate of the 
probable error of an observation for a single system is 
0.00065 sec and the skewness of the single system is 
approximately twice that observed uring the measure 
customarily adopted in the theory of quality control. 


Fig. 8—^Finish pf 
100-M Final, 1932 
Olympic Tryouts, 
Palo Alto, Calif. 
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Fjg. 9—Finish op 400-m 

.Hupdlb Fikai., Xtb Olympiad, 
Los Anoblbs, Calip., 1932 


The fact that the data gave this kind of evidence 
of statistical control supports the contention that 
erratic assignable causes of variability have been 
eliminated successfully. Furthermore, the fact that 
the distribution can be represented approximatdy 
by the first two terms of the Gram-CharUer series, 
together with the positive evidence of statistical 
control, leads to the condusion that a single error 
of a single system due to starting and stopping 
should not be expected to be greater than 0.006 sec 
more than once in 100 times, and that it will not ex¬ 
ceed 0.0014 sec more than 50 per cent of the time. 

It is thus a fair statement to make that the over¬ 
all accuracy of the system is within 0.005 sec for short 
races and within 0.01 sec for the mile run. This 
degree of accuracy should satisfy the public’s de¬ 
mand for drawing nice distinctions in comparing the 
achievements of their favorite athletes, and affords 
a sound basis for the establishment of track records. 
Any higher degree of accuracy would be superfluous 
and inconsistent with htunan limitations. 

Use op the Equipment 

On May 14, 1932, the timing system in modd 
form had its :^st unofficial use at the Columbia- 
S 3 nracuse track meet at Baker Fidd, New York, 

N. Y. It was used subsequently at the Princeton- 
Comell meet May 21,1932, and at the I.C.A.A.A.A. 
annual meet at Berkdey, Calif., in July 1932. At 
Palo Alto in July it was used unoffidally in the 
Olympic tryouts. An example of the value of the 
device from a judging standpoint can be seen in 
Fig. 8, which shows five contestants bunched very 
close together at the finish Hne. Subsequent frames 
from the same piece of film showed definitdy the 
order of finish of these contestants, the first three of 
whom were sdected for the American Olympic team. 

At the Xth Ol 3 ntnpiad hdd in Los Angdes, July 
31-August 8,1932, the timing system was used semi¬ 
officially for every running event. It was used 
officially for judging but unoffidally for timing in¬ 
asmuch as timing to the hundredth second had hot 
yet been recognized. Figure 9 shows the finish 
of the 400-m hurdle in the Olympic games; seven 
frames of this picture are shown in order to demon¬ 
strate the need for hundredth second timing. From 
the first to the seventh frame shown, the runner has 
advanced by only a few inches in a time of about 

O. 04 sec. The committee chose the middle frame as 
the finish of the race; the recorded time as shown is 
51.67 sec. It is of interest to note after the film was 
viewed by the committee, that several dedsions were 
changed at the Olympic games; the most important 
of these occurred in ^e same race illustrated in Fig. 
9, in which Findlay of Great Britain was awarded 
third place after die medal already had been given 
to Keller of the United States. Figure 10 shows 
the effectiveness in the use of the camera clock in 
judging and timing the famous Tolan-Metcalfe 
finish in the 100-m final, where Tolan won by a 
very small margin. 

Use of the tiniing system in such events as aero- 



Fig. 10— Finish op 100-m Final, 
Xth Olympiad, Los Angeles, 
CALnf., 1932 
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plane races was demonstrated in September 1932, 
at the Cleveland air races.. Two cameras, started 
together and running in synchronism, were used 
at the beginning and end of a straightaway speed 
course, in which case the elapsed time is the dif¬ 
ference between the two readings. Figure 11 shows 
Major James DooUttle breaking the world’s record 
for land planes over a 3-km course at an average 
speed of 294.90 mph. 



RACE 2 

♦-Start 30: 

Finish 30:37.30-*‘ ' 

Time 23.20 sec. 

Speed 289.32 KPH 



11—Major James Doouttlb Breaking World’s Speed 
Record for I-and Planes Over 3-Km Course. Average Speed 
FOR Four Consecutive Trials Was 294.90 Mph 


The timing apparatus was used officially at the 
Amateur Athletic Union indoor meet held on Febru¬ 
ary 25, 1933, in Madison Square Garden, New 
York, N. Y. Several races were ^toemely dose and 
in the 60-yd dash the offidal dedsion was withhdd 
until the film was viewed by the committee. At 
the I.C.A.A.A.A. indoor meet held on March 4, 


1933, in the 258th Field Artillery Armory, New 
York, N. Y., the second, third, fourth, and fifth 
places in the 70-yd hurdle were changed from the 
announced dedsion of the judges, after they viewed 
the timing film. As a further result, several changes 
were made in team scores and Harvard replaced 
Princeton in fifth place. 

As a result of the use of this system formal ap¬ 
provals have been received from the International 
Amateur Athletic Federation, which is the con¬ 
trolling body of amateur athletes for the Olympics; 
by the A.A.U., which is the governing body of 
amateur athletics in the United States; and by the 
I.C.A.A.A.A. Formal approval also has been giv^ 
by the National Aeronautic Assodation; and in 
April 1933 approval was given by the Federation 
Aeronautique IntemationaUe, with headquarters in 
Paris, France, under whose regulations all offidal 
international aeroplane speed events are run. 

Industrial Applications 

It is expected that many industrial problems will 
lend themselves to solution by means of the appara¬ 
tus described, although time and space do not permit 
covering in detail that phase of predse t imin g. We 
believe that tJie apparatus described can be used in 
many places as a tool where permanent records are 
desired and where methods heretofore in use have not 
been suffidently accurate. 



Carrier in Gable 

BY A. B. CLARK* and B. W. KENDALLt 
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Synopsis*—In order to meet future demands for high grade and 
economical circuits in cables, considerable carrier development work 
has been done which has included an extensive experimental installa¬ 
tion on a 25-mUe loop of underground cable. Sufficient pairs were 
provided in the cable and repeaters were installed to set up nine carrier 
telephone circuits 860 miles long. Tests on these circuits showed the 
quality of transmission to be satisfactory, while the methods and de¬ 
vices adopted to prevent interference between them were found to be 
adequate. The trial therefore has demonstrated that the obtaining of 
large numbers of carrier telephone circuits from cable is a practicable 
proposition. 

This paper is devoted largely to a description of the trial installation 


and an account of the experimental work which has been done in this 
connection. Due to present business conditions, it is expected that 
this method will not have immediate commercial application. 

This work is part of a general investigation of transmission systems 
which are characterized by the fact that each electrical path transmits 
a broad band of frequencies. Such systems offer important possibilities 
of economy particularly for routes carrying heavy traffic. The con¬ 
ducting circuit is non-loaded so that the velocity of transmission is 
much higher than present voice-frequency loaded cable circuits. This 
is particularly important for very long circuits where transmission 
delays tend to introduce serious difficulties, 

Htt Hi * 


A trial installation recently was made in 
which, for the first time, carrier methods were 
applied to wires contained wholly in overland 
cable for the purpose of deriving a number of tele¬ 
phone circuits from each pair of wires. The trial 
centered at Morristown, N. J. A 25-mile length of 
Tmdetground cable was instaUed in the regfular ducts 
on the New York-Chicago route in such a manner 
that both ends terminated in the long lines repeater 
station at Morristown, The cable contained 68 
No. 16 AWG (1.3 mm diam) non-loaded pairs on 
which the carrier was applied. SufiSdent repeaters 
' and auxiliary equipment were provided at Morris¬ 
town so that these 68 pairs could be connected to¬ 
gether with repeaters at 25-mile intervals to form 
the equivalent of an 850-mile 4-wire circuit. 

From this 850-mile 4-wire circuit 9 carrier telephone 
circuits were derived, using frequendes between 4 and 
40 kc. The diagram of Fig. 1 shows the system sim¬ 
ulated by the experimental set-up. 

In a practical installation the one-way paths would 
be shielded from each other dther by placing them in 
separate cables or by placing them in a single cable 
divided into 2 electrical compartments by means 
of a specially arranged shield. In the set-up at 
Morristown the circuit was necessarily arranged 
somewhat differently siuce only one cable was avail¬ 
able. Transmission over all loops in this cable went 
in the same direction, half the loops then being con¬ 
nected in tandem to simulate one direction of trans- 
mi^ion through a long circuit and the other half in 
tandem to simulate the other direction of trans¬ 
mission. 

It will be noted that in the cable system of Fig. 1 
the practical equivalent of 2 electrical paths was 
provided, one for transmission in each direction, the 
same range of frequendes being used in each direc¬ 
tion. TMs differed from common ppen-wdre prac¬ 
tice in which the frequency range is split in 2 and 
used, one half for transmission in one Section, the 
other half for transmission in the other. The fre- 

^Departmentof Developmetit and Research, American Telephone 
and Telegraph Co.,' New York, N. Y. 

fBell Telephone Laboratories, New York, N. Y. 

Presented at the summer convention of the A.IJE.E., Chicago, III., 
June 26-30,1933. 


quency allocation of the Morristown cable carrier 
system is compared in Fig. 2 with existing open-wire 
S3rstems in this cotmtry. Except for this matter of 
(hfference in frequency allocation, the fundamental 
carrier methods used in this cable system did not 
differ in prindple from those already used on open 
wires. As will be noted in Fig. 2 all of these carrier 
telephone systems use the single sideband method 
of transmission with the carrier suppressed. 

A schematic diagram of the terminal apparatus 
used in deriving one of the telephone circuits is shown 
in Fig. 3. Its general resemblance to the terminal 
apparatus used in present open-wire systems is 
evident so no further discussion of this seems re¬ 
quired. Five relay rack bays carrying terminal 
equipment (exclusive of line amplifiers) for one 
system terminal yielding 9 telephone circuits are 
shown in Fig. 4. 

Important problems in cable carrier transmission 
are: 

1. Keeping circuits electrically separated from each other, i. e., 
preventing troublesome crosstalk. 

2. Maintaining stability of transmission. 

Crosstalk 

With respect to crosstalk, the first and most im¬ 
portant requirement is to secure a very high degree 
of electrical separation between paths transmitting 
in opposite directions. Careful crosstalk tests dem¬ 
onstrated that by placing east going circuits in one 
cable and west going circuits in another, the neces¬ 
sary degree of separation could be obtained even 
though the 2 cables were carried in adjacent ducts. 
Tests on short cable lengths indicate that adequate 
separation can probably be secured by means of a 
properly designed shield; one practical form of such 
a sMeld consists of alternate layers of copper and iron 
tapes. With such a shield a cable may be divided 
into 2 compartments and thus carry both direc¬ 
tions of transmission. 

Having thus separated opposite bound trans¬ 
missions there is left the problem of keeping the 
crosstalk between same direction transmissions with¬ 
in proper bounds. In the cable used for the Morris¬ 
town trial the 16 AWG pairs used for the carrier were 
1060 


33-70 



December 1933 


CLARK AND KENDALL: CARRIER IN CABLE 


1061 


separated from each other by sandwiching them in 
between No. 19 AWG (0.9 mm diam) quads of the 
usual construction. These quads served as partial 
shields between the carrier circuits and would in a 



Fig. 1—SaiEMATic op Cable Carrier System 


crosstalk. Other tests have indicated that, thanks 
to these balancing means, the 19-gage quads used in 
the Morristown cable for separating the 16-gage 
pairs from each other can probably be dispensed 
with, even for frequencies considerably above those 
used in the trial. 

The experimental panel on which the circuits were 
brought together for balancing was installed in a 
weather-proof hut near the center of the 26-mile re¬ 
peater section. By this means all pair to pair combi¬ 
nations in the group to be balanced were brought into 
proximity so Siat the leads to the balancing devices 
could be kept short. The actual balancing wasaccom- 
plished by either or both of 2 method: (1) con¬ 
necting small condensers made up of twisted pahs, 
between wires of different cable circuits; (2) coupling 
wires of different circuits together through small air- 
core transformers. Each unit was individuaUy ad¬ 
justed after measurement of the crosstalk between 
the various combinations. 


commercial installation have been suitable for regular 
voice frequency use. Thus a considerable reduction 
in the crosstalk between the carrier pahs was effected. 

When the problem of keeping crosstab betwem 
circuits transmitting in the same dhection within 
proper bounds is exammed it becomes evident that 
no matter how high the line amplifier gains may be, 
these gains do not augment this crosstalk since if all 
of the circuits are alike transmission remains at the 
same level on all chcuits. Not so evident perhaps is 
another fact that crosstalk currents due to imbal¬ 
ances at different points tend to arrive at ^e distant 
end of the disturbed chcuit at the same time. This 
makes it possible to neutralize a good part of the 
crosstalk over a wide range of frequency by intro¬ 
ducing compensating imbalances art oidy. a compara¬ 
tively few points. In practice, balancing at only one 
point in a repeater section (which may be an inter¬ 
mediate point or either extremity) serves to make 
possible considerable reduction of the crosstalk. In 
the Morristown set-up balancing arrangements were 



Pjo 2_FREQtJBNcy Allocations op Carrier Telephone Systems 


applied at an intermediate point m the cable and. 
found to be entirely adequate for the frequmcy range 
involved, in fact transmission of consid^ably higher 
frequencies would have been possible without undue 


Maintaining Stability of Transmission 

Referring to the problem of stability, the impor¬ 
tance of this will be appreciated from the fact that the 
average attenuation at the carrier frequencies em¬ 
ployed in the 850-mile circuit as set up at Morris- 



PLATE FIL PLATE 

Fig. 3—Terminal of One Telephone Circuit 


town was about 1,300 db. A circuit was ^tually 
set up and tested consisting of 9 of the carrier links 
in tandem, giving 7,650 idles of 2-way telep^ne 
drcmt whose total attenuation without amplifiers 
was about 12,000 db. This attenuation, on an 
energy basis, amounts to lOi-®®®. This ratio, repre¬ 
senting the amplification necessary, quite transcends 
ratios such as the size of the total universe to the 
size of the smallest known particle of matt^. 

Balancing this huge amplification against the 
correspondingly huge loss, to the required precision, 
1 or 2 db,^is a difficult problem. Fortunately, 
a new form of amplifier employing the P^cigf 
negative feedback has been invented by H. S. 
of Bell Telephone Laboratories and may be described 
later in an Institute paper. By mal^g use of 
this negative feedback principle, amplifiers were 
produced for this job giving an amplification of 
50-60 db and this amplification did not ^nge 
more than 0.01 db with normal battery and tube 
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variations. This is ample stability even when it is 
considered that, with ampMers spaced 25 miles 
apart, there would be 160 of these in tandem on a 
circuit 4,000 miles long. 

As is well known, the losses introduced by cable 
circuits do not remain constant even though the 



Fig. 4—Terminal Equipment for Nine Telephone Circuits 


circuits are kept dry by means of the air-tight lead 
cable sheaths. Variation in temperature is princi¬ 
pally responsible for the variation in efficiency of the 
circuits. The change in temperature, of course, 
alters the resistance of the wires and to a lesser extent 
changes the other primary constants, particularly the 
dielectric conductance. In Fig. 6 is ^own the trans¬ 
mission loss plotted against frequency of a 26-mile 
length of 16-gage cable pair at average temperature 
(taken as 65 deg F) and also the effect of Changing 
this temperature 18 deg F which is about the 
variation experienced in undergroxmd cable in this 
section of the country. For a circuit 1,000 miles 
long the yearly variation amounts to about 100 db. 

The transmission loss at any frequency is a simple 
fimction of the d-c resistance. Consequently, meas¬ 
urement of the d-c resistance of a pilot wire circuit 
exposed to the same temperature variations can be 
used to control gains and equalizer adjustments to 
overcome the effect of this temperature variation. 
In Fig. 6 is riiown a schematic diagram of the pilot 
wire transmission regulation system used in the 
Morristown experiments, while the photograph of 
Fig. 7 indicates the appearance of the apparatus. 
This pilot wire regulation system takes care of a 


25-mile length of cable. The arrangement of the 
regulating networks is such that variation of a single 
resistance causes the transmission loss to be varied 
a different amount at different frequencies as re¬ 
quired by the variation in the line loss shown in 
Fig. 5. In Fig. 6 the relay system is omitted for the 
sake of simplicity. The function of the relay system 
is, of course, to control the rotation of lie shaft 
carrying the variable resistances so that it follows 
the rotation of the shaft associated with the masto 
mechanism. The centering cam is provided to avoid 
“hunting.” 

The Morristown experiments have shown that this 
form of regulation is adequate when underground 
cables are employed. Similar regi^tion of aerial 
cables in which the transmission variation with time 
is 3 times as large and several hundred times as 
rapid presents greater but not insuperable difficulties. 

Obtaining High Amplifications 


The attenuation of cable pairs being inherently 
high at carrier frequencies, high amplifier gains are 
called for, otherwise the cost of the carrier circuits 
goes up very materially. Since as the power carry¬ 
ing capacity of the repeaters is increased a point is 
soon reached where it becomes very expensive to go 
further, high amplifications’must be secured by let¬ 
ting the transmitted currents become very weak 
before amplifying them. A natural limit to this is 
found in the so-called thermal or resistance noise 
generated by all conductors. (See “Thermal Agita¬ 
tion of Electricity in Conductors,” by J. B. Johnson, 
Phys. Rev., v. 32, 1928, p. 97-109, and “Thermal 
Agitation of Electric Charge in Conductors,” by 
H. Nyquist, Phys. Rev., v. 32, 1928, p. 110-3.) 
Similar natural and largely insuperable noises are 
introduced by the vacuum tubes in the amplifiers. 
Other sources of noise are: (1) telegraph and sig¬ 
naling circuits worked on other pairs in the same 
cable with the carrier circuits; (2) radio stations; 
(3) noise from power systems, particularly electric 
railways. The latter 2 disturbances originate 



Fig. 5—^Teansmis- 
8IOK Loss OP 16- 
Oaob Cablb Pair 


outside the cable so that they are subject to the 
shielding effect of the lead sheath whidi increases 
rapidly with increasing frequency. Generally speak¬ 
ing, in a new cable both of these and also the noises 
from other circuits in the same cable may be rele¬ 
gated by location and design to comparatively 












Doccrabcr 1083 


CLARK AND KENDALL: CARRIER IN CABLE 


1063 


minor importance. On existing cables, however, 
they may require special ti'eatment. In all cases, 
however, the lower levels at the upper frequencies, 
which largely determine the repeater spacings, are 
established primarily by the thermal noise in the 
conductors and by the corresponding noises in the 
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vacuum tubes. In the Morristown installation the 
amplifications were kept small enough and the levels 
higli enough so that noise was not an important 
factor. 

Experimental Results 

A large number and wide variety of tests have been 
made using the set-up at Morristown. These were 
generally of too technical a character to be of interest 
in a general paper such as this one. It will be of 
chief interest to note that no serious difficulty was 
experienced in .setting up tlie 850-nule 4-wire 4 to 
40-kc circuit with the necessary constancy of trans¬ 
mission loss at different frequencies, alfiough the 
equalizer arrangements which made this possible 
presented intricate and difficult problems of design. 
Nine separate carrier telephone conversations were 
tramsmitted over this broad band circuit without 
difficulty due to cross-modulation. 

Each earner telephone circuit was designed to 
yield a frequency band at least 2,600 cycles wide, 
extending from about 250 cycles to somewhat above 
2,760 cycles when 5 such carrier links are con¬ 
nected in tandem. This liberal frequency band 
and the very satisfactory linearity of transmission 
over the entire system, gave a very excellent quality 
of transmission. In order to exaggerate any quality 
impainnent which might have been present the 9 
carrier circuits were, as noted previously, connected 
for test in tandem giving a total len^ of about 
7,650 miles of 2-way telephone circuit. The 
quality of transmission over this circuit also was found 
very satisfactory. In fact, the quality was not 
greatly impaired even when twice this length of one¬ 
way circuit was established by coimectog all the 
lengths in tandem, giving a 15,300-mile circuit whose 


overall loss without amplifiers was about 24,000 db. 

As noted previously, the fact that the cable pairs 
were left non-loaded gives the cable carrier circuits 
the advantage of very high transmission velocity. 
Including the effect of the apparatus this velocity is 
approximately 100,000 miles per sec; 5 or 6 
as great as the highest velocity loaded voice-fre¬ 
quency toll cable circuits now employed in the 
United States. This velocity is ample for tele¬ 
phoning satisfactorily over any distances possible on 
this eatiJi. 

Conclusion 

Under the present economic conditions there is no 
immediate demand for the installation of systems of 
this type. Consequently development work is being 
pursued fmther brfore preparing a system for com¬ 
mercial use. The final embodiment or embodiments 
of the cable carrier system will probably differ widely, 
therefore, from the system described in this paper. 
Since the transmission performance of the experi¬ 
mental system was so completely satisfactory, em¬ 



phasis is now being directed toward producing more 
economical systems which will be applicable to 
shorter circuits. Preliminary indications from th^ 
work are that some form of cable carrier system 
ultimately find important application on circuits 
measured in tens rather than hundreds of miles. 
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Discussion 


G. Ireland: The initial installation of carrier telephone systems 
in the Bell System which were superimposed on open wire facilities 
was made about 1918. The history of the development and applica¬ 
tion of carrier telephone systems in the Bell System since that time 
has been covered in several papers presented before the Institute. 
In tracing the history of the development of the carrier current sys¬ 
tems for open wire lines, it is interesting to note the continual 
process of improvement and simplification which has occurred. 
This process including reductions in cost enlarged the field of use 
of carrier systems as compared to that for open wire so that, whereas 
the earlier systems were only justified for circuits of over several 
hundred miles in length present standard types of systems may prove 
to be economical for distances as short as 50 miles. The increased 
range of carrier is indicated in the following table, showing the 
a’moxmts of carrier and open wire circuit miles in plant in the period 
from 1920 to 1930. 


1920 

1925 

1930 


Carrier Circuit 
Miles 


Open Wire 
Circuit Miles 


1,000 

60,000 

500,000 


1,666.000 

1,615,000 

2,100,000 


Only about one-quarter of the open wire circuit miles is involved in circuits 
over about 100 miles in length, which constitutes the most common field for 
carrier circuits. 


The earlier carrier systems were applied to existing open wire 
circuits that had not been initially planned for carrier superposition. 
This, in the case of the earlier systems, necessitated special trans¬ 
positions of the open wire facilities in order to reduce the absorption 
effects and reduce crosstalk between systems. Later on, stand¬ 
ardized transposition arrangements were applied to both existing 
and new phantom open wire lines in order to permit the operation 
of a number of carrier systems on the same line. Finally, the im¬ 
portance of obtaining a maximum use of open wire carrier facilities 
became so great that an entirely new form of open wire construction 
was adopted for new open wire facilities. The new method involved 
abandoning the phantoms on open wire pairs on which the carrier 
fadlities were superimposed, reducing the spacing between the wires 
of these pairs to 8 inches and widening the spacing between the 
wires of adjacent pairs to 16 inches. This permitted the superposi¬ 
tion of carrier’telephone systems on every non-pole pair.® 

Viewing this new development as described in the paper in light 
of the experience obtained with the open wire carrier, it is possible 
to predict that the same history of continued improvement through 
developments, of application first to existing cable facilities and 
then of increased application to both existing cable plant and new 
plant especially provided for such a system will take place. As in 
the case of the open wire carrier, it would be logical to expect that 
the initial applications would be made largely for the provision of 
the longer cable circuits and that later on it would be possible to 
justify economically the application of the cable carrier system to 
shorter and shorter distances. 

C. S. Demarest: In the application of carrier telephony to 
cable circuits, the provision of office equipment that will serve to 
multiply the facilities obtained from a given number of cable con¬ 
ductors is involved. It is thus a development that tends to increase 
the importance of this equipment in relation to the plant as a whole. 
It magnifies, in this respect, the process that was started a number 
of years ago with the development employing small gauge toll cable 
conductors, with increased numbers of telephone repeaters, in place 
of open-wire circuits. The economies that may be effected by such 
developments, and their practical advantages from a plant stand¬ 
point, are, of course, greatly influenced by the design of the equip¬ 
ment. 


1. Carrier Current Telephony and Telegraphy, by E. H. Colpitts and O. B. 
Blackwell, A.I.E.B. Trams., Vol. 40, 1921, p. 205. 

2. Carrier Systems on Long Distance Telephone Lines, by H. A. Affel, C. S. 
Bemarest and I. W. Green, A.I.E.E, Trams., Vol. 47, 1928, p. 1360. 

3. lUcent Developments in Toll Telephone Service, by W. H. Harrison. A.I. 
E.E. Trans., Vol. 49, p. 166. 


Some of the equipment methods that were developed for small 
gauge toll cable circuits appear well suited to meeting the require¬ 
ments for cable carrier. In the assembly of the equipment, for ex¬ 
ample, a method of panel mounting is employed with panels of dif¬ 
ferent height but uniform length for all units. This has been de¬ 
signed to provide a systematic and uniform basis for assembling to¬ 
gether within an office large numbers of units of various kinds, each 
unit comprising a variety of types of apparatus. Such factors have 
been accentuated in the equipment needed for cable carrier, in which 
large numbers of carrier units may sometimes be expected. The 
present method, therefore, has basic advantages in providing for this 
development in addition to facilitating its possible adaptation to the 
existing plant. 

The cable carrier development represents the first instance in 
which we have had to consider the use of the relatively high fre¬ 
quencies involved, with such large numbers of equipment units as 
may be assembled together. Perhaps several hundred such units 
may be expected in a large cable carrier terminal, as compared 
with a dozen or so now encountered in a typical open wire carrier in¬ 
stallation. This brings increased need for compactness in the carrier 
apparatus, with greater need for shielding between certain parts. 
Fairly compact arrangements were provided at Morristown with 
these needs in view, particularly in the case of the amplifiers, al¬ 
though clearances between units and groups were made very liberal 
as a convenience in the testing. 

To reduce the amount of office cabling and provide the desired 
shielding between high-frequency circuits, new wiring and cabling 
methods have appeared desirable. The outside cable has been 
brought into a sealed unit located in line vrith the equipment in the 
terminal room. The conductors in this cable are soldered to in¬ 
dividual lugs exposed only on the front of the terminal unit, and this 
unit is enclosed and filled with compound in the factory. This seal¬ 
ing of the terminal is to prevent absorption of moisture into the 
cable from the air more effectively than is possible with a tip cable 
terminated on an open frame. Between the terminal and the equip¬ 
ment, single lead-covered pairs with an extra shielding of copper 
ribbon are employed. Since these are multi-channel circuits, the 
number of the lead-covered pairs is relatively small. 

With the long through circuits that may characterize many ap¬ 
plications of carrier in cable, there appear to be advantages in 
treating the various apparatus units as fixed parts of the through 
system. The frequent spacing of repeaters anticipated and the fact 
that each of these transmits a considerable number of channels in¬ 
creases the importance of such an arrangement. With large groups 
of circuits little need is anticipated for frequent changes in the con¬ 
nections to the individual apparatus units comprising each circuit. 
In testing, with stable apparatus in prospect, there appears to be 
advantage in dealing with the circuit as a whole. The provision 
of the sealed terminal in line with the equipment, as mentioned, 
and the omission of the distributing frame and separate test board, 
are steps taken in this direction in the trial installation. Such re¬ 
duction in the number of points of access to the circuits, for testing 
purposes, is aided by the elimination of phantoms ip carrier cables. 

Some of the other equipment aspects of the cable carrier develop¬ 
ment involve questions of economy and efficiency in practical ap¬ 
plication rather than necessarily novel features. The signaling 
means, for example, can be provided on the basis of the voice 
frequency signaling system now employed on ordinary cable cir¬ 
cuits, although with the large groups of circuits expected, some 
Other arrangements may prove more advantageous. In the case 
of the power supply, while the arrangements tested at Morristown 
have provided special features for regulation and a plate potential 
of over 200 volts for the amplifiers, it seems likely that standard 
central office voltages can be employed where this has advantages. 
With respect to the testing facilities for the carrier cables, it appears 
that present means may be concentrated and simplified, and that 
novel types of fault locating methods may not be required. While 
the most effective arrangements for these various purposes are yet 
to be worked out, serviceable methods seem readilv obtainable- 
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As a whole, the instaUation of the equipm^t that has been pro¬ 
vided for the Morristown trial has included the essentia elements of 
a workable layout under commercial conditions. The tests have 
indicated a satisfactory degree of stability and freedom from noise in 
the equipment and wiring. The equipment installed for the trial 
has represented only the initial stage of development in its adapta¬ 
tion to the purpose, but generally it has appeared possible to provide 


arrangements that are simple and practical from a plant standpoint. 
Cable carrier is, of course, new, and will involve much that is new 
in the equipment. But it seems likely that desirable arrangements 
can be adapted to smooth working in the present telephone plant, 
and will utilize with advantage some of the basic features of present 
methods. 

« « ♦ « 



Beauharnois Development of the Soulanges 
Section of the St. Lawrence River 

BY W. S. LEE* 

FaUow, A.I.E;.E. 

Synopsis.—Development of the power resources of that portion of Soulanges section of this same river, a wholly Canadian enterprise, 
the St. Lawrence River which forms part of the boundary between the the initial installation of which is now in operation. The power canal 
XJniied Stales and Canada, for many years has been studied by engineers of this devdopment will form an integral part of the proposed St. 
and talked by poKUctans; and neither the end of the discussion nor the Lawrence waterway. This paper describes the prefect as a whole in 
start of construction is yet in sight. Equal in magnitude of power a general way and presents in more detail the principal features of the 
output, but not of expenditure, is the Beauharnois development of the electrical installation. 


T he first section of the Beauharnois 
hydroelectric development, which has been 
under construction for the past 3 years, was 
placed in operation on October 1, 1932, by the 
Beauharnois (Province of Quebec, Can.) Light, Heat 
and Power Company, Ltd. The power station is 
located less than 25 miles from the city of Montreal; 
when completed it probably will be the largest 
hydroelectric station in the world as provision is 
made for ah ultimate installation in generating ca¬ 
pacity of 2,000,000 hp in the one station to be 
operated as a single unit. 

The layout, design, and construction of this de¬ 
velopment is based upon step by step construction 
as n^d^ to meet the power demand, thus keeping 
the imtial e:^enditure at a reasonable figure, but 
allowing additional steps to be constructed with a 
min i mu m cost and without interfering in any way 
with the equipment previously installed. A unique 
feature of tins development is that nothing was 
sacrificed by the adoption of step by step construc¬ 
tion; the overall efficiency will be as high and the 
total capital investment will be as low as if the 
ultimate installation had been constructed in one 
operation. 

Dikes for the ^wer canal, are btnlt for full canal 
width; as additional water diversion is required, 
additional excavation will be carried on by hydraulic 
dredges driven electrically from power which the 
station itself will generate. This canal will be an 
integral part of the proposed St. Lawrence Water¬ 
way. The power house for the ultimate installation 
will be one continuous structure approximately 
3,000 ft long, with one centralized point of control. 
The forebay will be common to the entire station, 
but the taihrace will be constructed in 3 sections 
with the ^aces between tailrace sections utilized 
for the switching and transmission structures neces¬ 
sary for handli n g this enormous amount of power. 
Exceedingly earful study and cooperation was re¬ 
quired to balance properly the hydraulic and electrical 
design for this feature. The three divisions of the tail- 
race enables one or two of them to be operated while 
the other is being excavated and also saves the addi- 

*Coiisultmg Engineer and President, W. S. Lee Engineering 
Corporation, Charlotte, N. C. 

Presented at the summer convention of the AJ.E.E., Chicago, lU., 
June 26-30, 1933. 


tional cost of cofferdamming for unwatering purposes. 

When complete utilization is made of the avail¬ 
able stream flow, the development will be a complete 
unit, but by the adoption of the step by step con¬ 
struction a very efficient initial installation was 
secured. The initial financing required was, of 
course, much less than would have been required for 
completion of the development in one operation. 

Site Near an Industrial Area 

Between Lake St. Francis and Lake St. Louis the 
St. Lawrence River has a fall of 83 ft in an air line 
distance of approximately 15 miles. The flow of this 
river is imusually uniform, the average mean flow 
being 220,000 cfs; maximum and minimum recorded 
flows in the past 70 years are, respectively, 318,000 
and 173,000 rfs. Utilization of the whole mean flow 
represents a possible ultimate of 2,000,000 hp which 
can be developed at the one site at Beauharnois. 

The development consists of a diversion canal be¬ 
tween the two lakes with the power plant at the Lake 
St. Louis end. The diversion cand follows closely 
the route proposed for a navigation canal by the 
various international joint commissions; the Cana¬ 
dian government has reserved the right for such use 
and to construct the necessary lo^s between the 
canal and Lake St. Louis. Included in the power 
company's agre^ent with the Canadian govern¬ 
ment is a provision for the construction of control 
works at the head of Coteau Rapids to regulate flow 
and to maintain the level of Lake St. Francis. The 
power station is situated within 25 miles of the dty 
of Montreal and is within convenient transmission 
distance of a great industrial area. 

Canal 

The canal is 15.6 miles long and extends across 
the relatively flat country between Lake St. Francis 
and Lake St. Louis. Much of the canal area is be¬ 
low the level of the upper lake; consequently the 
canal is carried between dikes for its entire length. 
At the Lake St. Francis end the dikes are low, in¬ 
creasing ^adually to a maximum height of 45 ft 
in the vicinity of the power house forebay. The 
are built for a channel width of 3,000 ft to care 
of the ultimate diversion of 220,000 cfs. For the 
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General Plan of Bbauharnois 
Power Development 


initial installation only part of the ultimate channel 
is excavated below ground line; as additional water 
diversion is required, the channel will be dredged 
accordingly. The canal is designed for a maximum 
water velocity of 2.25 ft jicr second. 

Power Station 

While the canal excavation was chiefly in marine 
clay, with the exception of approximately one mile 
of boulder clay, the presence of a rock ledge approxi¬ 
mately 1,000 ft wide served as an excellent foimda- 
tion for the power house structure although it re¬ 
quired that the tailrace channels be excavated from 
solid rock. The forebay will be common to the entire 
station, the north dike being so designed and located 
as to require minimum change for power house ex¬ 
tension. Three independent tailraces will be pro¬ 
vided each serving Va ultimate development. 

This not only allows the tailraces to be constructed 
one at a time as required, without interference with 
prior construction, but also provides adequate ar^ 
between tailraces for switdiing and teansmission 
structures for the outgoing power dr^ts. 

The present power house, approximately 1,100 
ft in len^, is designed for fourteen 60,000-hp gp- 
erating units and two 7,800-hp station service units, 
and is capable of extension for the maximtun of 42 
50 000-hp units required for utilization of the entire 
mean liver flow. Two 7,800-hp 60-pcle service 
units, two 50,000-hp 60-cycle main units, and two 
50,000-hp 25-cycle main units are now in operation. 
To meet present power contract requirements two 
additional 50,000-hp 60-cycle units and four addi¬ 
tional 50,000-hp 25-cycle units are to be installed prior 
to October 1937. This leaves space available for 


foiur more units to meet additional power require¬ 
ments without extending the present power house. 
At present sluiceways are installed in tJie space for 
two units to permit by-passing water if found de¬ 
sirable. In order to tie in the power house structure 
with the north dike, it was found advantageous to 
extend the bulkhead structure for 4 units beyond the 
end of the present power house. 

On the el-94.0 floor are the governors and govern¬ 
ing equipment, water and oil supply pumps, ofl fil¬ 
tration and storage system, space for repairing 
mechanical and electrical equipment, machine shop, 
and storage space. This floor is the main mechani¬ 
cal operating floor of the station, all control and 
indicating equipment for such operation being under 
the direct superviaon of the turbine operators. Be¬ 
tween the generator piers and the downstream wall 
is a continuous gallery of sufficient width for a 10- 
ton truck to traverse the length of the station, thus 
affording facilities for quick and convenient move¬ 
ment of small repair parts and other equipment. 
On the el-116.0 floor are the generators, motor 
driven exciters, generator circuit brewers, and in¬ 
strument transformers used for indicating the genera¬ 
tor output. Suspended below the el-133.0 floor are 
the 13.2-kv power transfer buses. On the el-133.0 
floor are the individual control switchboards for 
each generator, metering switchboards, 550-volt 
auxiliary cubicles and the 13.2-kv breakers which 
connect into the auxiliary ring bus suspended below 
the el-149.5 floor. A conduit tuimel (floor el-133.0) 
12 ft wide and 20 ft high extends the length of the 
station and connects with the conduit room below 
the control room and also with the conduit tunne ls 
extending to the various switching stations. A pipe 
gallery (el-149.5) is provided for aU piping and 
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connections to the water and oil supply systems for 
the power transformers. On the bulkhead are 
situated the gantry cranes operating the head- 
gates, all power transformers, and the 120-kv trans¬ 
former circuit breakers. Disconnecting switches 
are installed on steelwork on the power house roof 
for isolation of station equipment. 

At the east end of the power house a service build¬ 
ing is built as an integral part of the power house 
structure. A lobby, superintendent’s office, and 
general offices are situated on the generator floor 
level (el 116.0). On the el-133.0 floor, space is 
provided for laboratories, meter testing, and other 
service requirements. The el-146.0 floor connects 
with the conduit tunnel and is used for making all 
control coimections to the master control equipment 
on the el-169.0 floor. Battery charging sets and 
batteries for the 48- and 260-volt control circuits 
also are installed on the el-146.0 floor. On the el- 
169.0 floor are the master control switchboards for 
the station, and the chief operator’s office. The 
layout is such that the maximum station installation 
of 2,000,000 hp can be controlled from this one con¬ 
trol room. 

General Electrical Layout 

In considering the electrical layout for this sta¬ 
tion, it was real^d that the units must be operated 
in independent groups corresponding to the require¬ 
ments of the customers, but at the same time the 
requisite flexibility for maximtun economic use of 
the installed equipment must be secured. One of 
the accompan 3 dng illustrations indicates schemati¬ 
cally the wiring adopted for the first group of units. 

For delivery of 60-cycle-power at 120-kv to the 
Montreal Light, Heat and Power Consolidated the 


use of a generator with a 3-phase step-up trans¬ 
former as a unit proved most economic, no generator 
breakers being provided. A 13.2-kv transfer bus 
is installed for transfer purposes but will not be used 
for paralleling generating units. To supply 60-cycle 
power at 44 kv for construction ptuposes and local 
industrial load, a 23,260-kva transformer is fed at 
present from the transfer bus. 

For delivery of 25-cycle power at 220-kv to the 
Hydro-Electric Power Commission system, a scheme 
was adopted involving two generators each feeding 
into an independent low voltage “delta” of a step-up 
transformer bank having a capacity corresponding 
to two generators. The high voltage bus arrangement 
is of the modified ring type. 

For tiie auxiliary system, two generators, each of 
capacity sufficient to carry the entire auxiliary load, 
feed into a 13.2-kv ring bus. At the extreme end 
of the ring a connection is provided to the 60-cycle 
transfer bus for emergency operation from any 60- 
cycle main generator. Transfer switches also are 
provided so that in the event of failure of any ring 
section, the auxiliary transformer operating from the 
defective section can be switched temporarily to the 
opposite ring section until normal ring closure is 
secured. 

Essential auxiliaries for each group of two main 
units are fed from a 3-phase 1,350-kva transformer, 
energized from an independent section of the 
auxiliary bus and stepping down from 13,200 to 
650 volts. A transformer bank of the same rating 
is provided for general station auxiliaries. Circuit 
breakers controlling the auxiliary equipment are 
housed in steel cubides on the mezzanine floor of 
the station (d 133.0) and are operated from the 
turbine operator’s control and signal, panels situated 
adjacent to the governor stands on the el-94.0 floor. 
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Exterior View of Present Power House (Vs op the Ultimate) Before Construction Was Completed 


Main Generating Equipment 

Main generating units each consist of a 75-rpni 
37,300-kw generator direct connected to a 53,000- 
hp Francis type turbine. The 60-cycle units are 
rated 46,625 kva at 80-per cent power factor, 13,200 
volts, 55 deg C rise; the corresponding 25-cycle 
units are rated 43,882 kva at 85-per cent power 
factor, 13,200 volts, 55 deg C rise. The 25- and 60- 
<ycle units are identical in external appearance; 
they have an outside diameter of 40 ft and a height 
from floor line to base of signal lahip fixture of 10 ft. 
Both 25- and 60-cycle units are capable of continuous 
operation at 14,520 volts at full rated kva. To in¬ 
sure stability, a rotor WR^ of 110,000,000 (moinent 
of inertia about its own axis in Ib-ft®) was specified 
for both 25- and 60-cycle units, together with a short 
circuit ratio of 1.00 for the 60-cycle units and 1.25 
for the 25-cycle units. The higher short circuit ratio 
for the 25-cycle units was required because the units 
feed into the extensive 220-kv network of the Hydro- 
Electric Power Commission. The generators are 
provided with two independent windings per ph^e, 
current transformers for the relaying system being 
ingtallpd in eadi end of each winding. To simplify 
terminal connections, these current transformers are 
mounted inside of the generator frame where ample 
space is available. 

The weight of the rotating element plus the 
hydraulic thrust is carried by a thrust bearing below 
the rotor. This arrangement reduced the generator 
weight and height, and facilitates dismantling the 
unit as the rotor can be lifted from the generator 
shaft without dismantling the thrust bearing. 
Guide bearings are provided above and below 
the rotor, and an adjustable Ugnurh-vitae guide 
bearing is provided for the runner. A complete 
unit oiling system is provided for each generating 

Governor stands are situated on the operating floor 
(el 94.0) in dose proximity to the servo-motors and 
all governing equipment, aU Gf which is arranged, in 
right and left pairs between each group of two imits. 
The mechanical and dectric^ equipment is so in¬ 
stalled that two genera^g units constitute a complete 
100,000-hp unit that can be operated as a separate 
and independent station. 


Station Service Generating Equipment 

The two station service units each consist of an 180- 
rpm, 60-cyde generator rated 5,760 kw, 7,200 kva 
at 80-per cent power factor, 13,200 volts, 55 deg C 
rise, direct connected to a 7,800-hp Frands type 
turbine. The general layout is similar to that of 
the main units except that the conventional design 
of generator is used with the thrust bearing above 
the rotor. The generators are provided with direct 
connected exdters. Generator windings consist of 



Interior View of the Power House Before Construction Was 
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Steel Work op the 220-Kv Switching Station May Be Seen Near the Far End op the Bridob Over the Tailracb 


a single circuit per phase with a current trans¬ 
former installed in each end of each winding; these 
transformers are mounted inside of the generator 
frame. 

Excitation System 

Each main generator is provided with an individual 
three-unit motor-driven exciter set consisting of a 320- 
kw 250-volt shunt-wound separately excited d-c 
generator, a 4-kw 260/250-volt compound-wound 
sub^citer, and a 1,200-rpm 550-volt line start 
squirrel-cage induction motor. To reduce the length 
of field leads to a minimum, as well as to allow crsme 
handling, the exciter sets are located on the generator 
floor adjacent to the corresponding generators. To 
facilitate replacing a defective exciter set with a 
spare, the bottoms of the set bases are planed and are 
supported on planed H-beams set in concrete. 
With this arrangement a spare exciter unit can be 
set in place without the time delay incident to align¬ 
ment. Exciter sets for the 25- and 60-cycle genera¬ 
tors are identical. An individual voltage regulator 
operated by a torque motor in conjunction with a 
bridge type rheostat in tlie exciter field provides 


high speed excitation for each main generator. 
The excitation system is designed for a rate of 
res^nse of 200 volts per second and for a stable 
exciter voltage range from residual voltage to the 
ceiling voltage of 300 volts. 

The direct connected exciter on each of the 
station service generating units is controlled by a 
voltage regulator of the same type as those ins talled 
for the main units, except for the omission of the 
Wgh ^eed contactors; this regulator is used in con¬ 
junction with a motor operated rheostat in the 
exciter field. As the two service units operate in 
parallel, cross compensation is provided. 

Power Transformers 

All power transformers are located on the bulk¬ 
head in the space corresponding to their generating 
equipment, thus reducing the low voltage bus length 
to a minimum. Transfer cars and tracks are pro¬ 
vided on the bulkhead; by using the gantry crane, 
the transformers can be lowered to a similar trans¬ 
fer equipment at ground elevation (116.0) and thence 
brought into the power house where a repair pit is 
provided. A complete oil pump, filter press, and 

storage and piping system is 
provided so that the trans¬ 
former oil can be drained, 
filtered, or replaced conveni¬ 
ently. Water supply pumps 
are in duplicate, 550-volt 
power for the driving motors 
being taken from separate 
auxiliary transformer banks. 

For delivery of 25-cycle 
power at 220 kv, three-single 
phase water-cooled transform¬ 
ers are used, eadi rated 29,250 
kva, 50 deg C rise; they are 
A-connected on the low volt¬ 
age side and star-connected 
on the high voltage side to 
transform from 13.2 to 218 
kv, these rated voltages being 
based upon full rated kva at 86 
per cent power factor. Each 
transformer has two low volt- 



Schematic Wiring Diagram kor Two Ainm-iARY anp Tbn Main Generating Units 
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age windings each of V* rated transformer ca¬ 
pacity; that is, the bank has 2 independent 
low voltage A-connected windings each of which 
is connected to an independent generator. As 
the reactance between these two A’s is high (55 
per cent based upon rated transformer kva) the 
short circuit stresses on generator windings and 
buses, generator breaker duty, etc., are reduced ma¬ 
terially. The high voltage windings are provided 
with full capacity taps 5 per cent above and below 
the rated voltage of 218 kv. Core and coils were 
shipped assembled (except for some of the coil end 
insulation) in nitrogen in a special shipping tank. 
The transformer tanks, which are 13 ft 2®/4 in. in 
diameter, were shipped in three sections. The com¬ 
plete transfonners have a height of 25 ft 3 in. from 
rail to top of tank and an overall height of 36 ft 2 in. 
The total net weight per transfoimer is 415,000 lb, 
of which 152,000 lb is oil. 

Transformers ased for delivery of 60-cycle power 
at 120 kv are water-cooled 3-phase units rated 46,500 
kva, 50 deg C rise, 13.2/120 kv; tlicse rated voltages 
are based upon full rated kva at S5-per cent power 
factor. The low voltage windings are A-connected, 
an<l the high voltage windings star-connected; the 
high voltage windings are provided with 5-per cent 
full-capacity taps above and below 120 kv. As¬ 
sembled core and coils were shipped in oil in the lower 
section of the two-section tank. Transformer tanks 
are oval 9 ft 3 in. by 17 ft; the transfonners have 
a height of 21 ft from rail to top of tank and an over¬ 
all height of 27 ft 3 in. The total net weight per 
transformer is 282,000 lb, of which 109,000 lb is oil. 

Transformers used for delivery of 60-cycle power 
at 44 kv are water-cooled 3-phase units rated 23,250 
kva, 50 deg C rise, 13.2/44 kv. The low voltage 
windings are A-connected, and the high voltage 
windings star-connected; 46- and 48-kv full capacity 
taps are provided. The voltage ratings are based 
upon full rated kva at 85-per cent power factor. 
The general design of these transfonners is similar 
to the design of the 46,500-kva 120-kv transformers 
but because of their relatively small size it was 
possible to ship them in their own tanks in oil. 

An induced voltage test of 480 kv was specified 
for the 220-kv transformers, 252 kv for the 120-kv 
transformers, and 97 kv for the 44-kv transformers. 
The impulse strength of the 220- and 120-kv trans¬ 
formers is guaranteed to be in excess of line insula¬ 


tion, which consists of, respectively, fourteen and 
seven 10-in. insulator units, spaced 5 V 4 i“- 

Circuit Breakers 

All circuit breakers are designed for an interrupting 
capacity in excess of estimated maximum require¬ 
ments. The specified interrupting capacity {OCO 
plus OCO basis) is 2,500,000 kva for the 230-kv 
breakers; 1,500,000 kva for the 138-kv breakers 
controlling the 120-kv circuits; 1,000,000 kva for 
the 46-kv breakers; 800,000 kva for the 15-kv 
generator circuit breakers for generating units Nos. 9 
and 10; and 600,000 kva for aU other 15-kv station 
breakers. 

The 230- and 138-kv breakers are of the oil blast 
explosion chamber contact type and are designed 
for high speed operation, the time from energizing of 
trip coil to arc extinction being 0.133,sec (8 cydes on 
a 60-cyde basis). The one-minute voltage test 
specified on the assembled breakers was 520 and 312 
kv, respectively, for the 230- and 138-kv breakers. 
Impulse strengths of the 230- and 138-kv breakers 
are guaranteed in excess of the strength of cor¬ 
responding line insulation, which consists of, re¬ 
spectively, fourteen and seven 10-in. insulator tmits 
spaced 5V4in, 

The 15-kv station breakers meet all A.I.E.E. 
insulation requirements for 25-kv rating, the one- 
minute test voltage being 58 kv and the bushing 
flashover 75 kv. Breakers are designed for high 
opening and closing speeds, the elapsed time from 
energizing of closing coil to touching of contacts 
being 0.35 sec, and the elapsed time from energizing 
of trip coil to parting of contacts being 0.08 sec. 
The average breaker speed after parting of contact 
is approximately 7 ft per second for the 2,400-amp 
breakers and 11 ft per second for the 600-amp 
breakers. 

Bus Systems 

Since the transformers are located on the bulk¬ 
head, as mentioned previously, the required low 
voltage bus length is reduced to a minimum . 
Except for short sections where bar copper proved 
the most economic, all 15-kv buses are of tubular 
section, 3-in. IPS (iron pipe size) and iVrin. IP5 
copper tubing being used for the power and auxiliary 


Skctional Plan of 
P oweit HotJSB From 
East End to and 
iNCLOTiNO Main Gbn- 
ERATiNG Unit No, 2 
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buses, respectively. Bus sup¬ 
ports have a flashover of 80 
kv and a cantilever strength 
at the bus line in excess of 
4,300 lb. With the system 
layout used mechanical 
stresses resulting from short 
circuits are relatively low, the 
calculated maximum support 
stress (stress factor times 
electromagnetic force) being 
510 lb. The support bases 
are provided with a drip-proof 
feature so that when installed 
inverted, water leakage 
through the supporting slab 
will not cause flashover. 

Bushings of rather imusual 
design were required to take 
the buses through the bulk 
head slab which is more than 
3 ft in thickness. 

High voltage breakers for 
the 120-kv transformers are 
located on the bulkhead adja¬ 
cent to the corresponding 
transformers, the necessary 
disconnecting switches and bus 
connections being mounted on 
steelwork supported by the 
power house structure. At 
the downstream line of the 
power house connection is 
made to the circuits of the 
Montreal Light, Heat and 
Power Consolidated. 

From the terminals of the 220-kv transformers 
coimection is made to disconnecting switches sup- 
^rted by steelwork on the power house, and thence 
through strain buses to a switching station on the 
downstream side of the power house; there con- 
nection is made to outgoing circuits feeding into the 
Hydro-Electnc Power Commission system. 

The circuit from the 44-kv transformer passes 
through (^connecting switches supported by steel- 



A. Water line of 
Francis for a 
cfs (el 164.1) 

B. Same for 200,000 
(el 150.45) 


Typical Transvbrsb Section Through Power House, Showing Details op a Main 

Gbneratinq Unit 


220-kv line together with a spillway gap on the 
transmission tower nearest the switching station. 

Control System 

Adjacent to eac^ generator on the mezzanine 
floor (el 133B) is installed a vertical steel switch¬ 
board including the necessary control and indi<^ting 

For the sake of interchangeabiUtv the same tvne supervisory relays to the master 

of post unit was used K voW^^J wT?i i 

and disconnecting switches, usinv six units ner nocst 115.0) and mounted on the base sup- 

for 220-kv, three units for 120-ky and one^mit for Sie^li^to?SSi ^ e k containing 

44-kv equipment. tne g^erator fidd (^cuit breaker and accessories. 

Spillway gaps for limiting Ughtning surge voltages ing r?om fel^l^Q^n?*??is located in the operat- 

are instaUed on the bus coiiertions to Shigh vfS Sfn -S./. entrance end of the sta- 

age terminals of the 220- and 120-kv fransformers * benchboard containing 

Some columns of the steelwork on Se^^W ““^rol, 

Redu^d ins^datioo . i^sUHed on /ST 
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may be expanded as required to take care of addi- 
tional generating equipment up to the tnayimiim 
possible installation of 2,000,000 hp. Both generator 
control and indicating equipment are installed on 
the sloping benchboard sections (requiring a total 
width of 8 in. per generator) thus allowing the 
operators an unobstructed view of the vertical con¬ 
trol boards back of tlie benchboards. 

Individual generator switchboards are on a 250- 
volt d-c control system; by turning a switch they 
can be cut off from the 48-volt control system and 
operated independently. All cable connections, con¬ 
trol motor-generator sets, and batteries are on a 
floor directly below the operating floor. This floor 
connects with the conduit tunnel running the length 
of the station. All control cable is carried in cor¬ 
rugated metal trays through the tunnel and thence 
through conduit embedded in the various floors to 
the required locations. 

Protective Relaying 

^ An extensive scheme of protective relaying de¬ 
signed to clear defective equipment in minimum 
time with the least possible interference with tihe 
operation of other equipment is provided. Each 
major element of station equipment is differentially 
protected and is provided with adequate back-up 
protection. To minimize the damage from a genera¬ 
tor winding failure, operation of the generator 
differential relays not only clears the generator and 
opens the generator field, but also operates a shut¬ 
down device for quick closure of the turbine gates. 
Directional reactance relays together with residual 
ground relays are used for the 220-kv line protection. 


Station Heating and Ventilating 

The generators take cool air (125,000 cu ft per 
minute for each main unit) through pier openings 
below the generator floor and discharge the heated 
air through louvers in the generator frame into 
the power house from which the heated air escapes 
through the upper windows on both the upstream 
and downstream side of the station. To keep the 
headgates free of ice during the winter months, ducts 
are provided for diversion of heated air into the hous¬ 
ings over the headgate openings. Openings with 
removable covers are installed in the generator floor 
to permit any desired amount of recirculation of the 
air passing through the generators, thus allowing the 
power house to be kept as warm as desired during 
the winter months. Electric heating is provided 
for the service building. 

Comments 

The main feature of the development is its sim¬ 
plicity resulting from a combination of favorable 
topographic factors and uniformity of stream flow. 
It is strategically located convenient to a great 
industrial area. Additional installation of station 
equipment and the corresponding additional water 
diversion can be made at relatively low cost when 
and as needed to meet industrial demands. At 
present about Vj of the mean river flow is unallo¬ 
cated, but prior to complete diversion there must be 
coSperation with or acquisition of the rights of the 
three low head hydroelectric plants now operat¬ 
ing in this section of the river. 
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Discussion 

B. L. Barns: Because of the location of this station close to a 
large city and the popular interest in such an immense and important 
section of the St. Lawrence Waterway development Mr. Lee was 
justifiably anxious that the long row of generators which will com¬ 
prise the generator equipment of this station eventually should not 
resemble the congregations of oil storage tatilc s one sees in the oil 
fields. The diameter and height of the generator frames and the 
lack of any direct-connected exciters to relieve the plainness of the 
cover might have developed inadvertently into machines of an un¬ 
interesting and unimpressive appearance. Therefore, Mr. Lee re¬ 
quested the manufacturer to give particular attention to the archi¬ 
tectural appearance of the external surfaces. The construction 
shown in the various illustrations in Xdr. Lee’s paper was decided 
upon after the preparation of numerous drawings and sketches by 
the factory draftsmen and outside architects and artists. Finally 
a full size model in wood and sheet fiber was set up, painted, and 
photographed in the factory. The final color treatment consisted 
of a dark green on the body of the frame and aluminum on the lamp 
pedestal, cover, and stator trim. The whole gives the desired ef¬ 
fect of balanced proportions, size, and pleasing appearance. 

The main units are of the so-called umbrella type of construction 
having the main guide bearing and thrust bearing below the rotor, 
but unlike all or nearly all other vertical generators of this type, 
these machines are provided with additional guide bearings above 
the rotors. This upper guide bearing is arranged to lubricate itself 
in the oil well. The main guide bearing between the rotor and the 
thrust bearing also is self-lubricating, thus making it unnecessary to 
provide external means of oil circulation for the operation of the 
m ach in es. The main guide bearings and thrust bearings are divided 
into segments suitable for shifting with light tackle into position 
for handling, with the power house cranes, through openings in the 
cover and rotating structures. 

Indicating thermometers for the bearings, flow indicators for the 
bearing cool water, and bearing oil level indicators are mounted on 
steel panels in the face of the generator piers at a convenient height 
from the floor at elevation 94.0. In recesses back of these panels 
are pipe connections for filling or draining the oil wells. The col¬ 
lector rings and brushes are accessible for inspection from a plat¬ 
form below the thrust bearing supporting bridge or bracket. This 
platform is reached by a stairway from the operating floor at eleva¬ 
tion 94.0. 

The hub of the rotor is keyed to the shaft with 2 Lewis keys; each 
key is made up of two tapered pieces that permit it to be readily 
loosened and removed. The hub is bored in such a manner that 
when the keys have been removed it is quite loose on the shaft and 
the whole rotor can be quickly lifted off. Conversely the rotor can 
readily be placed on the shaft. The thrust collar and shaft are 
keyed together witih an annular key fitting a groove in the shaft 
so that the weight of the shaft will be supported on the thrust bearing 
if the rotor is removed. In assembling or dismantling the machine, 
the bridge or bracket with shaft, guide bearing, and thrust bearing 
are handled as a unit. 

J. R. Dunbar: Perhaps the most striking innovation in this 
I>ower house is the use of the umbrella type construction for the 
large generators in which the thrust bearing is below the generator 
rotor. As far as the writer knows this is the first time this construc¬ 
tion has been used in Eastern Canada and only the second time it 
has been used in the Dominion of Canada. 

The earlier Canadian installation is the Ruskin development of 
the Western Power Company of Canada, Limited, a subsidiary of the 
British Columbia Electric Railway Company. The Ruskin generat¬ 
ing umt is a 120-rpm, 44,000-kva, 13,800-volt generator, direct 
connected to a 42,600-hp turbine. A cross section through the 
generator itself is shown in Fig. 1. It is seen that the construction 
in this case is very similar to that used for the Beauhamois genera¬ 
tors. In both cases there is no heavy bracket above the generator 
stator, the only structure above the generator being a light covering. 


In the case of the 
Rusldn generators 
this cover had to 
support the stator 
of the direct con- 
nected exciter. 

The heavy brack¬ 
et is located be¬ 
low the rotor in 
each case and car¬ 
ries the large 
thrust bearing 
that supports the 
weight of the gen¬ 
erator, the turbine 
rotors, and the un- 
bala need water 
thrust. 

A view of the 
installed Ruskin 
generator shortly 
before construc¬ 
tion was com¬ 
pleted is shown in 
Fig. 2. A comparison of this installation with the installed view 
of the Beauharnois generators shows that the umbrella type of 
construction produces generators whose appearance differs con¬ 
siderably from the usual appearance when the thrust bearing is 
located above the rotor, but which nevertheless is quite pleasing. 

The 29,250 kva, 25-cycle transformers physically are the largest 
xmits in operation in Canada and undoubtedly are the largest 
that have been shipped in nitrogen. As far as the writer knows this 
is the first installation in Canada which has made use of 2 individual 
low voltage windings, to each of which is connected 1 generator. 
This construction is very common in the United States but so far 
has not yet been generally adopted in Canada. 



Fig. 2—44,000-Kva Umbrella Type Generator for Ruskin 
Development 

Reference might also be made to the coil end insulation which 
Mr. Lee mentions as having been shipped separately from the trans¬ 
formers. The portion of the insulation that was shipped separately 
formed part of the barriers between the high and low tension groups 
and also was used to support certain of the insulating structures 
that were located above the coils. 

The 46,500-kva, 60-cycle units have the highest kva rating of 
any transformers in service in the Dominion of Canada. 

J. G. Glassco: It is somewhat difficult to comment on Mr. W. S. 
Lee’s paper without a first-hand knowlfedge of the hydraulic and 
electrical problems involved in a development of this magnitude. 
The difficulty of determining exactly the time and operating con¬ 
ditions for each successive stage of development makes the policy 



Fig. 1—Section Through 44,000-Kva Um¬ 
brella Type Generator 
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of step by step construction one of paramount importance. Any 
other method adopted with the intention of lowering the ultimate 
capital cost would be a financial speculation carrying too great a 
risk, especially in a territory where such a large percentage of the 
energy now being developed is sold in thermal competition with 
coal. 

Engineers should be interested in the simplicity of the general 
layout and the apparent lack of complicated operating arrangements 
in spite of the enormous amount of energy to be handled. Although 
unavoidable, it seems most unfortunate that our major Canadian 
hydroelectric plant should have been burdened with production at 
two different frequencies. One cannot help but contemplate the 
possibility of two great systems in Quebec and Ontario being tied 
together ultimately through frequency changers, thus permitting 
the standardization of generator frequencies. 

The superstructure of the power house is a good example of the 
tendency to use brick for the purpose of obtaining not only an eco¬ 
nomical building material, but one which lends itself to satisfactory 
architectural treatment and convenience in the progress sdiedule of 
the work. The writer is curious, however, to know what method 
was used to take c^e of the contraction problem at the point where 
the brick superstructure bridges over the contraction joints in the 
concrete substructure. An effort was made in a similar design of 
the Slave Falls plant in Manitoba to prevent unsightly temperature 
cracks in the brick superstructure, without the use of vertical con¬ 
traction joints in the brick work. While not entirely successful, 
the slight cracks that did develop are very difficult to observe. 

The addition of such a large quantity of power in Quebec and 
Ontario markets as contemplated by the ultimate development of 
2,000,0(X) horse power at Beauhamois is quite a strain on the im¬ 
agination, and particularly so, when the total cost is carried right to 
the point of the commercial and domestic customers* meters. Un¬ 
less there be an industrial expansion and increase in population far 
beyond that which can reasonably be anticipated at the present 
time, there hardly seems to be justification in making any extension 
until the slack is taken up at the other plants in the two provinces 
and most of the electric boiler energy diverted back to its normal 
channel. It would be a pity if contractual obligations were carried 
out with no consideration for economic necessity resulting inevitably 
in harm to the electrical industry and serious financial loss to the 
people as a whole. It is easy to understand the natural desire to 
faeek a solution in the export of power as a temporary expedient, 
but there can be little doubt that the establishment of cheap power 
for industrial use in territory adjacent to Quebec and Ontario will 
act as a serious handicap in the creation of industries in Canada. 

Claude Gliddon: An important problem in the layout of such 
a large station appears to be the elimination of vital points or bottle 
necks where trouble may cripple the whole station. In this regard 
the unit system for auxiliaries and the control seems to have been 
followed out rather than a centralized system. There are, however, 
a few points on which it would be interesting to have some further in¬ 
formation, such as: 

1. There appear to be only 2 pumps for supplying cooling water 
to the transformers, which would indicate that the whole station 
output is dependent on the functioning of these pumps. Are there 
any special provisions made in this regard? 

2. It is noted that the auxiliary bus runs the whole length of the 
station and that the bus work is of more or less open type construc¬ 
tion. A fault on this bus would appear to be quite serious. What 

precautions are taken to prevent accidental contact with this bus 
and to ensure proper relaying of any affected section? There are a 
large number of disconnects on this bus. Are interlocks provided 
to prevent paralleling 60-cycle units through disconnects on the 
transfer bus? 

3. It is noted that two generating units can be operated as a 
sep^te and independent station. This is with the exception of ex¬ 
citation which depends on service from the auxiU^ bus. Could 
not a satisfactory speed of excitation be obtained with a direct con¬ 
nected exciter with subexdter? 


4. Has any provision been made for the prevention and spread 
of fire and smoke in the very long rooms and galleries? 

One of the notable features appears to be the tendency toward 
outdoor equipment and the elimination of a large generator room. 
It is assumed that when future extensions are made, that the out¬ 
door trend may have advanced to the point where the generator room 
building may be dispensed with. 

The elimination of large power cables in the station is notable. It 
is presumed, however, that this limits the generator split phase pro¬ 
tection to the windings only. The use of a modified ring bus for the 
220-kv switching station, as developed for other similar stations, is 
noted. This layout appears to be giving satisfactory results at other 
stations. 

The comparatively small rupturing capacity required in the 120- 
kv oil circuit breakers clearly demonstrates an advantage of genera¬ 
tor, transformer, and line unit dbt-up. It would be interesting to 
know why a 13-kv transfer bus was adopted rather than, say, a 120- 
kv transfer bus, which would allow of overloading lines in case of 
transformer failure. 

Why was tubular copper bus used rather than, say, aluminum 
channel bus whidi would have permitted longer spans? No men¬ 
tion is made of overhead ground wires in connection with lightning 
protection of the switching stations. It is noted that the control 
cables are laid in open trays. Are these control cables lead covered 
or fabric covered? 

Are the generator neutrals grounded, and if so is there a circuit 
breaker provided in the neutral lead to disconnect the neutral in case 
of generator ground fault so as to minimize danger of binning on ac¬ 
count of the slow rate of decay of generator voltage. 

In the use of reactance relays was it felt that the more accurate 
settings obtainable would offset the advantages of the faster and 
simpler impedance relays? 

The use of the torque motor regulator appears to have removed a 
serious objection which there is to many regulators that are de- 
pendent on the direct current supply for their operation. 

N. £* Funk: From the standpoint of economic hydroelectric 
power production on the St. Lawrence River, it would appear that 
this project should be utilized to its complete capacity before any 
development at another location is begun. It is quite obvious that 
the development of other locations for their initial capadty requires, 
in addition to the building of power plants, the construction of 
numerous dams, dikes, tail races, and possibly canals; whereas in¬ 
creased capacity at the Beauhamois development may be obtained 
by extending the existing power house, dredging the existing canal, 
and excavating additional tail races. 

Let us at least be hopeful that the development of the power possi¬ 
bilities of the St. Lawrence River will be based on the sound eco¬ 
nomics of power production and not made subservient to or by¬ 
products of other developments that may be made to appear as 
having greater national or international political desirability. 

N. B. Higgins: The paper particularly emphasizes the unusual 
natural advantages of the Beauhamois project with respect to flow, 
topography, and geology. The uniformity of the flow of the St. 
Lavnrence river probably is without parallel in any river of its size in 
the world. The topography of the canal area, and the prevalence of 
easily dredgeable marine day, were unusually favorable for the con- 
stmction of the intake canal, and are especially favorable for the 
enlargement by dredging of its cross-sectional area as the project is 
extended. Another favorable factor is the rock ledge on which the 
power house is built. 

Mr. Lee’s statement that, ‘*the total (ultimate) capital investment 
will be as low as if the ultimate installation had been constructed 
in one operation,” stresses one of the most unique features of the 
project; namely, its easy adaptability to growth step by step, paral¬ 
lel to the load. For a project of the size of Beauhamois, 

flitg coordination of installation cost and power demand is important. 

Considering the severe winter climate of the St. Lawrence valley, 
it is noted with interest that at the end of the 15 mile long canal the 
water readies the power house intake without passing any provision 
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to skim ice or debris out of the canal. It would be interesting to 
know if frazil ice is regarded as a problem, and if so what provisions 
have been made to combat it. A statement of the plant experience 
in this respect during the past winter, would be most interesting. 

The designers have produced a surprisingly simple electrical lay¬ 
out, considering the fact that power is delivered at 2 frequences and 
3 voltages. Economical use has been made of the group and unit 
system, and skillful advantage taken of high average river flow, 
block load conditions, interconnections, and equipment reliability 
to simplify group low tension connections and entirely eliminate 
connections between groups. It is doubtful if such simplicity could 
have been achieved with the same voltages and frequencies in a run- 
of-river plant; a tie probably would have been necessary to permit 
shifting of output from one group to the other to most efiS^ciently 
utilize water at times of defident flow. 

The proximity of the Montreal Light Heat and Power Company’s 
lines has reduced to a minimum the switching equipment on these 
lines at the power station; this, no doubt, has effected an appreciable 
saving in investment. A simple diagram of the station at the point 
of interconnection would be of interest. 

It is noted that while the unit sdieme has been carried through to 
the exdtation system, motor-driven exciters have been used instead 
of the more simple direct-connected units. It is assumed that this 
was due to the slow speed of the main units making direct-connected 
exciters large and the cost of securing satisfactory speed of response 
high. The use of a portable spare exdter set is in keeping with the 
simplidty of design followed throughout. 

The station service generating system is unique from several 
angles. Beauhamois, to our knowledge, is the first large generating 
station to employ 13,200 volts as an auxiliary voltage. This pro¬ 
vides economical distribution over the rather long distances in¬ 
volved, and permits direct connection to the transfer bus for emer¬ 
gency supply. 

The use of motor-driven exciters places a severe duty on the aux¬ 
iliary electrical system; this, and the size and importance of the sta¬ 
tion, have produced a layout of conservative and reliable design. 

In many stations, where house units are installed, advantage is 
taken of the emergency tie to pump surplus power from the station 
system into the main system. At Safe Harbor, for example, the 
second, or spare house unit was justified by its ability to ''pay its 
way” by normally adding its output to that of the main system. 
Units thus operated may be separated from the essential auxiliary 
supply and yet serve as a running emergency supply. It would be of 
interest to learn whether it is the designers’ plan to operate the 
Beauhamois system in this manner. 

In a station the size of Beauhamois, physical limitations alone 
preclude the use of a central control board of full size. The de¬ 
signers have taken advantage of the latest developments by the 
use of a master switchboard, supervising individual full size control 
boards. This must have resulted in a*very large saving in conduit 
and wire alone. Perhaps the next step will be the elimination of the 
individual unit controls and the use of direct miniature control, the 
relays, recorders, etc., of course, remaining near the units. 

The author states that the transformer temperature indicating 
equipment, recording instruments, smd certain meters are located 
at the generator local boards. Are these also supervised and trans¬ 
mitted to the control room, or is there an attendant present on the 
eI-133 floor to read these meters? 

In regard to the auxiliary mechanical equipment, the Beauhamois 
station is interesting in that practically all of this type of equipment 
is located on an operating floor below the generator floor. This ar¬ 
rangement of governor actuators and accumulator tanks at this 
lower elevation, with short pressure lines from the accumulator 
t ank s to the turbine gates operating cylinders, provides for quick 
rehouse of the turbine gates to the movements of the governor 
valve, an obvious operating advantage, as well as economy in cost. 

The author states that all of the governor equipment is located 
on floor, el-94.0. Does this mean that the sump tanks are placed at 
this same elevation, and if so what provision is made for draining the 


governor system? It would be interesting to know which type of 
fluid is used in the governor system, and the reasons for its selection. 

W. S. Lee; In our engineering experience we have found that 
simplicity of layout, coordination of effort, and 100 per cent coopera¬ 
tion by all interested are absolutely essential successfully to put 
through a project of the magnitude of the Beauhamois develop¬ 
ment with a minimum of expenditure and a maximum of benefit. 
The design was very carefully studied to permit low cost of step-by- 
step construction, and at the same time provide the requisite flexi¬ 
bility for changes and improvements in equipment design, and re¬ 
vision of future power requirements. 

Mr. Glassco regrets that this station should have been burdened 
with production at 2 different frequencies. While a single generat¬ 
ing frequency ordinarily would be advantageous, it imposed no 
particular handicap in this case, as, in any event, the various genera¬ 
tor groups could and probably would be operated independently. 
In fact, from the generation and transmission standpoint the present 
set-up of 60 cycles for the nearby industrial area and 26 cycles for the 
longer transmission of power into Ontario district is economical. 
A careful study of methods and designs was developed, whereby, if 
future conditions require, a 60- and a 26-cycle generator (each of 
full rating) driven by a single turbine can be installed in the space 
allotted to each of the present units. Not only will tliis serve to re¬ 
duce the number of spare units for both frequencies, but will permit 
of some interchange of power and regulation between tlie 26- and 
60-cycle power systems. 

Regarding Mr. Glassco’s question about construction of the brick 
superstructure, we considered installing hidden expansion joints in 
the brick pilasters adjacent to the substmctm*e expansion joints, 
but after an examination of the Isle Maligne Station, which is of 
similar construction without expansion joints in the brickwork, we 
decided to omit these joints. While a few cracks have developed, 
they are scarcely visible and are minor in character. 

With reference to Mr. GHddon’s discussion, the two cooling 
water pumps are fed from service transformers comiectcd to inde¬ 
pendent sections of the auxiliary ring bus, each pump being of ample 
capacity for all the present installed transformers. For the com¬ 
plete transformer installation for the first powerhouse section, 4 
pumps each fed from a different bus section, will be installed. Dif¬ 
ferential relaying is provided for each ring bus section and its service 
transformer bank, consequently a fault will be localized to a maxi¬ 
mum of two units. Disconnects are provided only for emergency 
transfer of a service transformer bank in the event of its bus section 
fault. It will be noted that the ring bus is fed at 3 points, 2 being 
from the station units and the third being from the 60-cyclc power 
transfer bus. This third connection is carried by cable in conduit 
through the conduit tunnel to the extreme end of the ring bus so 
that failure of 2 ring sections will not cut off the auxiliary supply for 
a number of units. 

As a very complete relaying system was installed to insure isola¬ 
tion of defec^ve equipment and as the apparatus is so widely spaced 
as to prevent spread of flames, no fire walls or baffles were considered 
necessary. Provision is made for circuit breakers in the generator 
neutrals if found desirable; the generator protective layout provides 
means, in the event of a winding failure, for isolation of the genera¬ 
tor and for immediate closure of the turbine gates thus bringing the 
rotor to a standstill in the minimum of time. The 13-kv power 
busses are for transfer purposes only, and are not used to parallel 
generators. The 120-kv bus layout is owned by the Montreal 
Light, Heat and Power Company and is hbt a part of the station. 
Ground conductors are installed over the 220-kv switching station. 
AH control cables are lead covered. 

Regarding the excitation system as commented .upon by both Mr. 
Gliddon and Mr. Higgins, every precaution was taken to provide 
uninterrupted power supply for the exciter sets. It was fomid that 
adequate response rates and stability could not be secured with di¬ 
rect connected exciters but could be secured with exciter sets pro¬ 
vided the power supply was taken from an independent and un¬ 
affected power source. This was accomplished by providing dupli- 
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catc statiuu service units having direct connected exciters feeding 
into ilu‘ unxilim y ring bus which, together with the connection from 
the (U) cycle power transfer bus, provides 3 dependable power 
soitrces for the exidter sets and ft»r the other station auxiliaries. The 
212U k V system always will have independent power source for driving 
its gi'iieruitJr exciters. On account of slow speed of turbines, direct 
connected t‘xciters were nuire costly. 

C*»nccrning ice eondititms: the Beuuhaniois development after 
winter really sets in, has an iee sheet above it extending to the foot 
of the Long Sault Kaphls, the nearest source of all winter frazil, 
some 40 odd miles. Lake St. b'rancis intervenes in this stretch as a 
storage for frazil and is of ample capacity to store the winter’s produc¬ 
tion of frazil fnmi the Long Sault. The only frazil to be contended 
witli at Beauharnois is that formed on the canal surface for the 
first few days preceding an ice cover and in the case of stormy weather 
accotnpmiied by low temperatures preceding an ice cover. The 
Bcauharnois plant has passed through the entire cycle of a year’s 


operation and while of course some frazil was passed, there was not 
enough of it to cause any interruption or delay. The racks, which 
are entirely submerged, the top being several feet below the surface 
of the water, are made in 2 sections, provision being made for rapid 
raising of the upper sections to pass any frazil ice that may reach the 
station. The turbine gate openings are so large that frazil ice in 
great quantities will readily pass through them. 

The bus layout is such that either of the station imits can supple¬ 
ment the 60-cycle power delivery, but under normal conditions this 
will not be done. Generator and transformer temperature indi¬ 
cating equipment and certain recording and integrating instruments 
are located on the elevatioii-133 floor, readings being taken by a 
switchboard attendant. The necessary emergency signals for this 
equiqment are located in the main control room. 

The governor sump tanks are located in pockets in the elevation-94 
floor to provide gravity drainage. Based on our previous experience, 
oil was considered the most suitable fluid for the governor system. 



Improvements at Burlington Generating Station 

BY WALKER L. CISLER» and WALTER P. GAVITt 

Nonmemher Nonmember 


T he recent development at Burlington generat¬ 
ing station of Public Service Electric and Gas 
Company of New Jersey is of spedal interest 
in these days of stringent economies and efforts to 
make existing equipment go as far as possible. The 
station contained 3 12,500-kw turbine-generators 
from 10 to 16 years old with a stoker fired boiler 
plant aU operating at 200 lb steam pressure with 160 
deg superheat. The fuel consumption was 22,000 
to 26,000 Btu per kwhr which is about what would be 
e^qpected with these steam conditions and equipment 
of that period. 

The installation of a high pressure pulverized fuel 
fired boiler and an 18,000-kw high back pressure non¬ 
condensing turbine reduced the station heat rate to 
about 16,000 Btu p^ kwhr. As a consequence of 
this improved economy the Burlington generating 
station is now prime base load capacity and may be 
expected to continue in this classification for some 
years to come. 

An unfortunate accident that occurred in January 
1933 damaged the turbine beyond repair and until 
the new turbine is completed ^e old units are being 
supplied with steam tlnough a reducing valve from 
the new boiler. 

Plans for Development op Station 

The general development of the generation and 
distribution systems of Public Service Electric and 
Gas Company will require the location of additional 
generating capacity in the district served by Burling¬ 
ton generating station and tentative plans were 
formulated for the extension of this plant. The first 
step of the extension was to consist of 2 high pres¬ 
sure 76,000-kw turbine-generators with 4 boilers 
of such a capacity that 3 could produce sufiSdent 
steam to operate &e 2 turbines. 

The load conditions existing at the time these 
plans were formulated indicated that the extension 
would not be necessary until some time later. How¬ 
ever a capadty contract for the supply of energy 
from a source outside the Public Service system was 
to expire at the end of 1931 and the provision of 
effident capadty in the Burlington station was de¬ 
sirable as it would obviate the necessity of renewing 
this contract. 

Studies indicated that the efl&dency of the Burling¬ 
ton station as a whole could be raised to a satisfactory 
value by superimposing a high pressure turbine- 
generator upon the existing 200-lb system. SufiB.dent 
steam for the operation of the station with such a 
high pressure unit cduld be supplied by one high 
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pressure boiler of the size and type contemplated 
for the futxue extension. If this installation were 
made the old turbine-generators would remain an 
economical part of the station after the proposed fu¬ 
ture extension was completed as they could be op¬ 
erated whenever the excess or spare boiler capacity was 
available. With modem steam generating equip¬ 
ment the -time out for maintenance is small so that 
this excess boiler capadty would normally be avail¬ 
able most of the time. 

With these several factors in mind it was dedded 
to install one 30,300-sq ft boiler designed for opera¬ 
tion with a drum pressure of 730 lb per sq in. gage 
and a total steam temperature of 860 deg F. A 
pressure higher tihan 730 lb per sq in. was not adopted 
for 2 main reasons. It was desired to avoid the 
added equipment and operating complications of a 
reheat cyde. Also 730 lb was the maximum for 
riveted construction without going to special or 
expensive design as welded drum constmction had 
not been approved by the code of the American 
Sodety of Mechanical Engineers at the time the 
boilers were under consideration. 

Along with this boiler a turbine-generator was 
installed of 18,000-kw capadty designed for a tlnottle 
pressure of 660 lb per sq in. and a total steam tem¬ 
perature of 876 deg F. The turbine was designed 
to exhaust at a maximum pressure of 206 lb per sq in. 
into a header system from which the old turbines are 
supplied. The boiler is capable of producing and 
the turbine can pass suffident steam to operate the 
3 old turbines at full load. A plan of the present 
and proposed Burlington station is shown in 
Fig. 1. 

This program provided 18,000 kw of new capadty 
and brought the old turbines into effident use with¬ 
out the expense of any bofler capadty in excess of 
that whidi would be required for the future 2-unit 
extension. 

Heat Balance Arrangement 

A heat, balance arrangement was devised which 
took the fullest practical advantage of the possibffities 
of the existing equipment. A diagram of the operat¬ 
ing heat bailee is shown in Fig. 2. The proposed 
arrangement included a 3-stage regenerative feed 
heating system and an evaporator for make-up. 
The low pressure heater is supplied with steam bled 
from the 2 newest of the old turbines. The 
pressure at the lower bleed point of the oldest of the 
3 original units does not correspond to ^at of 
the other 2 because of a difference in design. It 
therefore was not practical to interconnect the lower 
bleed points of all 3 units.. 

The intermediate and deaerating heaters are 
supplied with steam bled into a common header from 
the upper bleed point of all 3 old turbines. The 
high pressure heater receives its steam from the ex- 
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haust of the liigh pressure unit. The lower bleed 
point on the old machine was used to extract steam 
for a make-up evaporator. 

For the loads at which the station was expected to 
operate, a heat rate of about 15,000 Btu per kwhr 
delivered to the outgoing lines was expected. This 
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represents an improvement over the old station of 
32 to 40 per cent. An additional saving in operating 
labor and maintenance costs was expected as a result 
of shutting down the old boiler plant. The results 
attained in actual operation fully bear out predic¬ 
tions as to performance. 


Boii.kr., Furnace, and Superheater 

A crossdrum straight tube type boiler was chosen 
as offering the least expensive design for the pressure 
deculed upon. To have adopted the bent tube type 
would have meant very special design or fat that 
time) the use of forged drums. A high boiler with 
air preheater was used as giving greater simphcity 
and fewer kinds of equipment than a low boiler with 
economizer and air heater. An overall boiler 
efficiency of about 85 per cent was used as basis of 

^*^The furnace has water walls on the 2 sides ^d 
rear and on the part of the front wall above the 
burners. The whole unit is sted enc^ed and m- 
sulated with the casing so placed that aU 
and bottom screen downcomers and co^ections 
from drum to superheater headers are within the 
casing. This arrangement avoids the necessity of 
insulating all these pipes, improves appearance 
of the unit as a whole, and makes it cleaner owmg to 
the absence of a multiplicity of external pipes to 

""“The supfrheater is of the multi-loop bf e tube tj^e 
and contains approximately 9,200 sq ft of effective 
surface. Various types of superheater were con¬ 
sidered in selecting this design and arr^gem^t. A 
straight parallel flow design would not give the d^ 
sired^fin^ steam temperature. A combmation 
^allel and part counter current design would give 


a satisfactory superheat curve but was expenave 
and complicated in design. A straight coimto 
current design was finally selected as combining 
economy of cost, simplicity of design, and satis¬ 
factory performance characteristics. 

Each superheater element consists of 6 V 2 return 
bends, the upper 5 V 2 of which are of ordinary 
mild steel, and the lower of chrome vanadium 
steel. It might have been desirable to make a 
greater proportion of the tubes of alloy st€^, but 
the maximum one piece length of alloy tubing ob¬ 
tainable was only sufficient for one loop. No sat¬ 
isfactory method for welding 2 pieces of alloy steel 
was known, though it could satisfactorily be welded 
to the ordinary steel. Recently the alloy steel has 
been made in longer pieces and replacement ele¬ 
ments have a loop and a half of this material. 
However, nothing has occurred in operation that 
would indicate that the additional length of alloy 
sted was essential. 

Pulverized Fuel System 

Pulverized fuel firing was selected partly because 
the designers felt that units of such size are more 
suited to pulverized fuel firing than to stokers 
and partly because of the flexibility of the pulve^d 
fuel furnace in the matter of burning fuels of widely 
varying characteristics. 

The design of the pulverized fuel system combines 
as far as possible the advantages of the storage 



stem '^th its close control and g^reater flexibility 
ith the compactness and straightforw^dness of 
le direct system. Bins and feeders are mtaiposed 
‘tween the mills and burners to assure contmmty 
'rating on the boiler during temper^ stoppage 
the pulverizing equipment. As wiH be noted 
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from inspection of the boiler room cross section, 
Fig. 3, the raw coal bunker, mills, primary air.fans, 
separators, pulverized fuel bin and feeders are 
compactly arr^ged in a low section of the building. 
The brnner pipes extend from the feeders up to 8 
30-in. horizontal bmmers. This arrangement as¬ 



sures a maximum of light and air to the boiler firing 
aisle. 

The combustion control system is of the air actu¬ 
ated t 3 ?pe and varies the rate of coal and air supply 
and draft in accordance with changes of pressure in 
the main steam header. 

The forced and induced draft fans are motor 
driven. Each fan is provided with 2 constant 
speed induction motors, one at each end of the fan 
^aft. One of the motors is of size and speed suit¬ 
able for operation of the fan at maximum load 
while the other smaller motor is of size and speed 
suitable for operation up to about Vs mflyitmim 
load. The fans run at constant speed, and regula¬ 
tion of the quantity of air or gas delivered at either 
high or low speed is by manipulation of the inlet 
vanes on the fans. 

In selecting this drive system, 5 arrangements 
were considered: 


1. Two constant speed motors with vane control. 

2. Two constant speed motors with damper control. 

3. One 2-winding constant speed motor with vane control. 

4. One 2-winding constant speed motor with damper control. 

6. Two variable speed motors. 

The arr^gement with 2 constant speed motors 
and vane control was found to be the most economi¬ 
cs. This system is also relatively simple and pro¬ 
vides 2 motors, either one of whi<± may be 
operated in case of trouble with the other. 

The forced draft fans deliver air through a plate 
t 3 q)e air preheater to the burners, mills, and feeders. 
At 525,000 lb per hr actual evaporation the air is 
preheated to a temperature of 498 deg F and the 
flue gas temperature is thereby reduced to 456 deg F. 

Steam Connections 

The high pressure turbine is a single-cylinder non¬ 
condensing straight-reaction unit designed for a 
throttle pressure of 650 lb per sq in. gage and a total 
steam temperature up to 875 deg F. In view of the 
fact that only one high pressure steam generating 
unit was to be installed it was necessary to design 
the steam system so that the 3 existing turbines 
could be operated on the old boilers in case the 
high pressure boiler should be out of service. Some 
consideration was given a scheme of carrying a 
conslmit back pressure on the new high pressure 
turbine so that no changes would have to be made 
to the old low pressure units. This was discarded 
in favor of a varying back pressure because of better 
overaE economy. The only change to the 3 old 
inirbines was the substitution of new nozzles for the 
inlet steam and increased clearances. 

Under normal operation the high pressure unit 
and ^the 3 low pressure units run as a compound 
turbine, control being entirely by the high pressure 
turbine governor. The generators of the 4 
elements are tied together electrically and the 
governors on the 3 low pressure units are wide 
open. Widi this arrangement the exhaust pressure 
from the high pressure unit and consequently the in¬ 
let pressure to low pressure machmes varies with the 
load. 

The auxiliaries in the old station were nlainly steam 
driven and the question arose, as to the economical 
disposition of the exhaust from these auxiliaries with 
the regenerative cycle proposed for the new installa¬ 
tion. Studies made to determine the economic value 
of substituting motor drives for the pyistitig steam 
drives indicated a fud saving suflScient to make such 
a change profitable and most of the station auxili¬ 
aries, therefore, were motorized. 

The governing sy^em and valve arrangements 
are such that anydiing but an extraordinary dis¬ 
turbance of the system is taken care of automatically. 
If one of the generators should be disconnected from 
the load all the steam from the high pressure unit: 
would tend to pass through the remaining 2 low- 
pressure turbines. These 2 generators would as a 
consequence advance in phase and momentarily 
take an overload. At the same time the pressure 
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at the high pressure turbine exhaust would rise 
sharply. This unit is provided with a device to limit 
the exliaust pressure to 205 lb. The rise in exhaust 
pressure w'ould cause this device to function and re¬ 
duce the flow of steam to the high pressure unit, 
thus restoring the system to equilibrium. 

A by-pa.ss with automatic reducing valve and de¬ 
superheater is provided between the high and low 
pressure steam headers. If the high pressure unit 
should trip out, steam automatically would be 
passed to the low pressure header through this by¬ 
pass and operation of the low pressure unit would not 
be disturbed. This also permits the old units to be 
operated on steam from the new boiler during periods 
when the high pressure turbine is out of service, thus 
allowing advantage to be taken of the higher effi¬ 
ciency of the new boiler. 

Electrical Connections 

The station is connected to the Public Service 
Electric and Gas Company’s transmission system at 
both Camden and Trenton, as indicated on the 
diagram of Fig. 4. It also is connected at both 
these points to the Philadelphia Electric Company’s 
system. 

The addition of 22,500 kva to tlie station capacity 
and the changes made in circuits connecting the sta¬ 
tion to the Public Service system, brought about a 
condition for which the rupturing capacity of all 
main circuit breakers was inadequate. In order 
to avoid complete replacement of these circuit break- 



Fio. A -SiNCi-B Limb Diagram of ELBcrRiCAi- Commections 


ers with building changes which would be difficult to 
make, steps were taken to increase the rupturing 
capacity of the existing equipment. This increase 
was accomplished by changing the system of con¬ 
nections, introducing reactors, and making certain 
changes to the breakers themselves. 


With these changes, it was necessary to purchase 
new breakers only for connections to the new main or 
synchronizing bus. These circuit breakers are of 



1,000,000-kva rupturing capacity. All 26,000-vqlt 
breakers were equipped with deion grids which 
appreciably increase their rupturing capacity. The 
physical arrangement of the indoor switching equip¬ 
ment with the new breakers and new bus on the first 
2 floors is shown in Fig. 5. 

With the new system of connections, each genera¬ 
tor is connected to the 26,000-volt bus through ite 
own transformer or group of transformers, but, in 
adffition, the generators are paralleled on the 13,000- 
volt side through the synchronizing bus, and nor¬ 
mally remain connected to it. This arrangement per¬ 
mits the 26,000-volt bus to be sectionalized as de¬ 
sired. Normally the Camden section of the system 
is connected to one bus section and the Trenton to 
the other. This ties the 2 sections together 
through 2 transformer groups in series, permitting 
the shifting of transformers between the Trenton 
and Camden bus sections as desired. The outdoor 
switching station is shown in Fig. 6. 

The station auxiliaries are supplied from a 13,200- 
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volt auxiliary bus. This bus is fed through 2 
connections to the main or synchronizing bus and one 
connection to the 26,000-volt outdoor bus. This 
permits operation of the auxiliary bus from the 
26,000-volt system even though the turbines in the 
station should be shut down, and allows sectionaliz- 



arc weld process using coated rod. The extent to 
which shop welding could be used was of course 
limited by the size of pipe sections that could be 
shipped to tie job. Fidd wdds were made by the 
oxyacetylene process and all high pressure pipe welds 
were locally annealed after completion. The valves 
in the larger lines were flanged but many smaller 
valves were wdded directly to the pipe. 

The annealing of the large pipe wdds presented 
a problem for which no equipment was available. 
A portable box was made up of sted plate lined with 
asbestos which could be placed over the joint. With 
the box in place the joint was heated to the desired 
temperature with oil torches after which the box was 
packed tight with asbestos and the pipe permitted 
to cool. All fidd welds were tested after comple¬ 
tion by applying hydrostatic pressure of 1,500 lb 
per sq in., and hammering with a heavy sledge. 
No failure of wdds has been experienced to date. 

Oil Btoner System Added 


Fig. 6—Outdoor Switching Station at Burlington Generating 

Station 


ing of the auxiliary bus as desired. The spare trans¬ 
former between the main and 26,000-volt buses also 
may be used for the auxiliary bus supply, thus avoid¬ 
ing the necessity of a separate transformer for 
auxiliary supply from the 26,000-volt system. 

Two station service feeders are provided, one for 
the auxiliaries in the old station provided with a 
13,200/440-volt transformer bank and the other 
for the new boiler plant substation provided with a 
13,200/2,300-volt transformer bank. The substa¬ 
tion for the supply of power to the neyv boiler plant 
is located beneath the latter and is designed to 
provide for extension to take care of additions as 
they are made. ^ This location is close to the load 
center and permits a simple and direct arrangement 
of feeders to the various motors. 

Excitation of the old units was by separate turbine- 
driven 126-volt generators. The elTtninatinn of 
ste^ auxiliaries previously discussed included these 
exciters and they were replaced with new shaft-end 
gen^tors on the main generators. An emergency 
exciter bus is energked from a motor driven genera¬ 
tor. The new unit is provided with a 250-volt shaft- 
end exciter and a motor-driven emergency exciter 
which will be connected to the emergency exciter bus 
of the future extensions. 

Welded Pipe Joints Used 

One of the interesting features of this installation 
is the fact that, as far as was practic^, pipe joints 
were wdded. Flanged joints were used only for 
connections to large valves and where joints must be 
brokm frequently. 

TMs is the first high pressure power plant in which 
wdding for pipe joints was used throughout to such 
a large extent. As many welded sections as possible 
were made in the fabricator’s shop, by the electric 


Shortly after the new installation was put in serv¬ 
ice the price of fud oil receded to a low levd. 
Studies indicated that its use in place of coal would 
result in a material saving in operating cost even 
after deducting fixed charges which iududed a high 
amortization on the installation cost of the necessary 
oil equipment. ' 

A fud oil storage, handling, and burning system 
was installed comprising a 20,000-bbl tank, an un¬ 
loading wharf at the river, and the necessary pump¬ 
ing, heating, and burning equipment. Oil burners 
are inserted through the center of the pulverized 
coal burners and their installation required prac¬ 
tically no ch^ges in the original equipment. A 
change from oil to coal or vice versa may be in 
a few minutes and vrithout interruption to boiler 
operation. 

Operation 

The boiler and turbine were put in service Febru¬ 
ary 17, 1932. Outages due to boiler trouble up to 
December 24, 1932, totaled 917 hr representing 
total availability for the boiler of about 88 per cent. 
Outages due to turbine trouble some of which were 
coincident with boiler outages totaled, up to De¬ 
cember 16, 1932, about 1281 hr, giving a total 
availability of about 82 per cent. None of the 
outages can definitely be attributed to the pressure 
and temperature or to the system. They were for 
the most part of the character usually encountered 
du^g the early operating period of new equipment. 

Of me 10 turbine outages 6 were for inspection 
or adjustment, 3 were for changes to bearings, 
1 was to determine the cause of a trip-out and 1 
WM to mcre^ shroud clearance. On December 
16th the tmbine was shut down to permit instaiiificr 
new end tightening on the shroud bands and a new 
design of high pressure dummy packing. At the 
same toe some changes were made m the admission 
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The turbine was returned to service early in Janu¬ 
ary, 1933, but a few days later was wrecked due to 
some internal failure the exact nature of which has 
not been determined. The vibration accompanying 
the turbine trouble caused the breakage of one of 
the oil lines to the valve operating gear on top of the 
turbine. The leaking oil caught fire resulting in a 
quite serious but localized conflagration. The re¬ 
sulting damage was confined to the turbine and 
objects near by. Neither the generator of the new 
unit nor any of the other units in the station was 
damaged other than by smoke. The station is now 
operating on steam from the new boiler through a 
reducing valve and desuperheater. 

Operation of the plant aside from the accident to 
the turbine has been satisfactory. There has been 
some corrosion in the superheater tubes, and a few 
superheater tube leaks have occurred due to in¬ 
complete welding of return bends._ 

The turbine was opened up for inspection early in 
August, 1932, and a heavy gray deposit was found 
on the blades from the 12th row down to the exhaust, 
increasing in quantity toward the exhaust end with 
the last 2 rows comparatively free. T^ de¬ 
posit, of course, is carried over from the boiler md 
through the superheater and consists of the materials 
used for treatment of the boiler feed water. Elimi¬ 
nation of this fouling on turbine blading is one of ^e 
problems that must be solved in comection with high 
pressure and temperature installations. At Burling¬ 
ton the deposited material is very soluble and easily 
removed by washing with water. However, the 
turbine must be cooled down considerably before 
water can be introduced and considerable operating 
time must be sacrificed. 

The station has carried a maximum load of about 
53,000 kw with a total steam generation of 625,000 
lb per hr, and when fouling of the turbine can be 
overcome a load at or near this value can be^ earned 
continuously with oil fuel. With coal firing the 


TnayiTmim load carried was 51,500 kw with a total 
steam generation of 550,000 lb per hr. The higher 
water rate with oil firing is due to a combination 
of the following circumstances: (1) higher tempera¬ 
ture circulating water at the time the above record 
was made; (2) fouling of turbine blades as previously 
described herein; (3) some steam leakages that de¬ 
veloped within the turbine. The boiler operated 
continuously from August 13 to December 24, 1932, 
and during this period produced 1,373 million lb of 
steam. This is an average of about 429,000 lb 
per hr. 


Discussion 

T. E. Purcell: The physical arrangement of the plant presents 
some ideas that have not been commonly used heretofore. The 
arrangement of the raw coal bunker and coal preparation plant at a 
low elevation at one side of the boiler room is good. It is not 
pAgeihU , however, to determine from the written matter or from 
the cross-section of the boiler house, the reason for locating the boiier 
room substation underneath the boUer. Placing this substation in 
some other location, lowering the boiler, and reducing the height of 
the building would, it seems, save considerable of the cost. 

It is explained that a cross drum type boiler was chosen due to 
pressure linxitations on the vertical type at the time the boiler was 
purchased. An air heater without economizer is used for reduction 
of stack temperature. It would be interestii^ to know if this de¬ 
sign still would be economical today in comparison with a vertical 
type boiler with both economizer and air preheater. 

The location of water wall and water screen downcomers within 
the boiler casing is an excellent idea, and should improve the appear¬ 
ance of the boiler room considerably, together with reductiOT of 
initial cost and elimination of the cost of cleaning and maintaining 
the insulation on these pipes. 

It is stated in the paper that the steam auxiliaries in the old plant 
were changed to electric drive as a result of an economic study of the 
situation. It would be interesting to know the valuation of 
the various factors entering into this study, especially in view of the 
difference of opinion among designers concermng the choice of 
auxiliary drive. 



Obtaining Comfort Conditions by Controlled 
Radiation From Electrically Heated Walls 

BY L. W. SCHAD* 

Associate. A.I.E.B. 

Sy^psis.—At sedentary occupations under normal indoor winter the normally prevailing inside wall temperature arid 80 deg F would 
amditi^ the human body loses heat at the rate of 400 Btu per hour, mean a corresponding modification in the amounl of heat radiated, 
of which approximately 4S per cent is radiated, 30 per cent is con- Compensation for this decrease in radiated heat may be effected by 
vecM, and 24 per cent m lost by the evaporation of moisture from lowering the air temperature. The effect on human comfort of thus 
skin and lungs. The skin and clothing surface temperatures average controlling the amount of heat radiated from the body is discussed in 
about 80 deg F. With solid surroundings at 80 deg F, therefore, no this paper. The possOiiiay of using electric energy for this appUca- 
h^ would be lost by radiation. Any intermediate temperature between lion, together with equipment and operating costs, also is discussed. 


A FEW years ago Mr. L. W. Chubb, director 
of the Westinghouse research laboratories. 
East Pittsburgh, Pa., suggested the possi¬ 
bility of using electrically heated wall and ceiling 
areas for creating winter comfort indoors. Based 
upon his observation of the importance of radiant 
piergy on the human body’s sensation of warmth 
in such^ instances as sunsl^e through dear, cold 
mountainous air, or the flash of radiant energy 
t]^ough a train window from a pile of burning 
ties, he^ conceived the idea of making radiation 
a more important factor in producing comfort con¬ 
ditions. Reducing the idea to practice in occupied 
space involves the use of large surfaces at rdatively 
low temperatures such as 80 to 120 deg F. 

At the research laboratories of the American Sod- 
ety of Heating and Ventilating Engineers it has been 
found that the average person engaged in ordinary 


air temperature should be lowered to restore the 
balance between heat generated in the body and its 
dissipation. 

Test Equipment 

Many^ combinations of warmed endosures with 
varied air temperatures have been investigated in a 
room (see Fig. 1) especially designed for stud 3 dng 
air conditioning problems at the plant of the Westing- 
house Electric and Manufacturing Company, East 
Pittsburgh, Pa. This room, with internal dimen¬ 
sions of 12x16x8.8 ft, is built within one of the 
standard research laboratories rooms so that there is 
a space between the walls and ceilings of the 2 
rooms from 18 to 24 in. in width. This permits a 
temp^ature variation in the air surrounding the 
experimental room as well as ease in making various 


proximately 400 Btu per hour. This heat is dissi- 9 cTinwc _ 


proximatdy 400 Btu per hour.^ This heat is dissi¬ 
pated by radiation, convection, and moisture evapo¬ 
ration from skin and lungs. Mr. L. B. Aldrich* has 
found that in ordinary winter conditions indoors 
46 per cent of the body’s total waste heat is radiated, 
30 per cent is convected, and 24 per cent disappears 
as latent heat of vaporization. 

The body’s internal temperature is normally 99 
deg F, but the temperature of the outside surfaces 
of both exposed skin and clothing from which radia¬ 
tion and convection take place is about 80 deg F 
with variations above and below according to sur¬ 
rounding conditions and clothing worn. 

If the walls, ceiling, and floor of a room were at 
a t^perature of 80 deg F, no heat would be lost by 
radiation from a person within the room. However, 
health and comfort demand that the heat generated 
by the ordinary processes of life, which is more or 
less constant imder given conditions, be dissipated; 
hence, if radiation be prevented, convection or mois¬ 
ture evaporation, or both, must be increased. 

It is possible to heat certain portions of solid en- 
closiures so ^ to obtain partial or entire nulliflcation 
of body radiation. Under such conditions the room 

♦Research Laboratories, Westinghouse Elec. & Mfg. Co., 
E. Pittsbtu-gh, Pa. 

1. For all references see bibHograpliy. 

Presented at the summer convention of the AJ,E,E,, Chicago, III. 
June 26-30,1933. 


2 shows the heating units used in the wall and ceiling 
construction; each unit is 4 ft long and 1V 2 ft wide, 
and was designed for 250 watts at 110 volts. The 
base of the unit is a standard insulating lath having 
a thermal conductivity of 0.39 Btu per hour per 
square foot with a gradient of 1 deg F per inch of 
thickness. ^ After these units were nailed to the joist 
and studding, a finish coat of plaster was applied 
producing a smooth inside surface to which several 
coats of enamel were applied to prevent air from pass¬ 
ing through the walls. AU joints and floor cracks 
were sealed carefully with linoleum cement so that 
the air supply to and from the room could be ac- 
cura.tely controlled and measured. 

Air was drawn from outdoors through a duct 
above the ceiling and distributed in the room by 
means of the center ceiling duct shown in Fig. 1. 
This duct, runniog along the entire length of the 
ceiling halfway between the sides of the room, de- 
liv^ed cold air laterally, that is, parallel with the 
cei^g so that the overall effect was a complete dif¬ 
fusion of the incoming air with the air in the room. 
Exit ducts were placed in the walls near the floor. 
The air flow was measured carefully both at en¬ 
trance and emt by means of nozzle and orifice meters, 
with an inclined draft gage used to indicate equal 
pressures between inside and outside atmosphere. 
A centrifugal blower with speed control operating 
in the entrance duct and a suction fan in the exit 
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Fig. 1—One Side of the Experimental Room in Which the 
Tests Were Made 


duct were so Operated as to eliminate pressure dif¬ 
ferences between the inside and outade atmosphere, 
thus eliminating as far as possible any air leaks. 

Copper-“a;dvance” thermocouples with the warm 
junction soldered to a patch of copper screen just 
under the finish coat of plaster were led out along 
isothermal surfaces to the edges of each heating unit 
and then back through the wall to a multiple switch 
and potentiometer. Surface temperatures thus were 
accurately determined. Air temperatures were de¬ 
termined in the ducts as well as in various parts of 
the room with No. 36 B&S gage copper-“advance” 
couples. Mercury thermometers also were used, 
mainly to see how far their indications deviated from 
true air temperatures under various conditions of 
warm walls and cool air. 

Test Procedtjre 

Preliminary work showed quite definitely that 
not only can comfort conditions be obtained with 
80-deg walls and 60-deg air, but also that such 
environment is highly invigorating. The cool 
is quite acceptable when one at the same tune feels 
entirely comfortable. However, to maintain the air 
at 60 deg witto 80-deg walls, it was necessary to 
introduce fresh cold air into the room at a rate of 
from 6 to 10 changes per hour, depending upon toe 
temperature of the air fed into the room. It be¬ 
comes apparent at once, therefore, that heating 
enclosing surfaces of ordinary living rooms to 80 
deg F uniformly is out of the question. Smce nor¬ 
mal infiltration changes the air in a house from 1 to 
3 times per hour, it was decided to hunt these 



Fro. a— Two OF THE Elbctmcaixy HbatbO Panels, thb Upfbr 
One Bbforb and thb Lower Onb After Imbbddino the Bbsis- 
TANCB Wires in Plaster 


studies to such an air flow with but portions of the 
enclosing surfaces heated. 

Altogether 104 units were used in the walls and 
ceiling connected 2 in series across the power sup¬ 
ply lines through an “on” and “off” switch for each 
pair. Power was controlled with a voltage regu¬ 
lator. Thus the position and extent of the heated 
wall or ^Piling area, as well as its temperature, could 
be varied at will. A master switch in series with an 
adjustable thermostat and wall meter mounted inside 
the room completed the electrical equipnient. 

A single observation required about 60 individual 
readings for a complete pictme of the effect of any 
1 set of conditions. The aim, of course, was to 
pvatnitip a sufficient number of conditions to predict 
comfort and power requirements for my conditions 
where low temperature radiant heat is to be used. 
In Table I the data of 10 typical observations are 
summarized. 

Discussion op Results 

For purposes of estimating power requirements 
in any applications uang this type of heat and also 
for the purpose of having a check on air flow and 
power input, it was thought desirable to account for 
aXi the power used. Items 18 and 19 of Table I 
show how closely this was done. The thermal con¬ 
ductivity of the walls was tested accurately so ffiat 
the dissipation through the walls could be determined 
fairly accurately with a sufficient number of in¬ 
side and outside temperatures. Failure to obtain 
enough outside temperatures for observations 1 and 
4 resulted in the loss of this estimation. Another 
source of inaccuracy in this regard was the inabffity 
to obtain an accurate average entrance air tempera- 
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ture. Some of the heat within the test room passing 
though the ceiling served to supply part of the pre¬ 
liminary temperature rise of duct air while the rest 
was drawn from the space and b uilding aroimd the 
room. 

It is a difficult matter to predict accurately the 
effects of temperature, position, and orientation of 
the heated panels on an occupant of the room, even 
though he might stand erect in the center of the 
room. The radiant flux to a person in the panel 
heated room is, of course, a function of: the solid 
angle, temperature, and orientation of the heat 
source; and the outside area, temperature, and posi¬ 
tion of the recipient. It would not be a simple 
matter to compute acciurately the integrated solid 
angle of all room surfaces integrated in turn over the 
person of the occupant with due regard for orienta¬ 
tion of both person and walls. A rough measure of 
comfort, however, has been computed; this has been 
added as item 26 at the bottom of Table I under the 
caption “comfort index.” 

To obtain a value of the comfort index for each 
set of conditions a cylinder was postulated in the 
center of the room having radiating and convecting 
surfaces approximating Qiose of tte average man 
with the same gener^ shape and size as regards 
volmne. It was assumed for instance that there were 
20 sq ft of convecting surface and 16 sq ft of radiat¬ 
ing siuface with an emissivity of 0.9 for the tempera¬ 
tures tmder consideration. 

The equation for convection from such a vertical 
cylinder was taken as if = 0.35 where H is 
expressed in Btu per hour per square foot of surface 
and B is surface temperature rise in degrees F. 
Figure 4 shows the loss based on this equation in 
Btu per hour from a vertical cylinder with a uniform 
surface temperature of 80 deg F to air at tempera- 
tiues under 80 deg F. Figure 3 shows the radiant 


interchange of heat between the assumed cylinder 
and its solid surroundings in Btu per hotur. 

After these curves were drawn they were checked 
by applying standard conditions, that is, the body 
heat loss with air at 70 deg F and walls at 68 deg 
F was found by the use of these curves to be 300 Btu 
per hour, whi^ is approximately correct according 
to tte previously cited work done at the American 
Society of Heating & Ventilating Engineers research 
laboratory. The negative sign before the comfort 
index (item 26) in Table I indicates a loss by radia¬ 
tion and convection from the cylinder of the specified 
number of Btu per hour for each case. Thus —300 
Btu per hour would indicate comfort while —447 
would indicate a chilly condition and —64 a much 
too warm condition. No great accuracy is claimed 
for this system, but it is presented as the best avail¬ 
able at this time. It must be borne in mind that if 
this cylinder should wander over toward one of the 
heated wall panels, thus subtending a greater solid 
angle of warmth, these comfort indices would not 
apply as accurately as if it stayed in Ihe center of 
the room. 

The curves developed, as a result of the work de¬ 
scribed here, were tested by appl 3 dng some recent 
results obtained at the resear^ laboratory of the 
A.S.H.V.E.* Three walls of a 6x6x6-ft room there 
were cooled while the air temperature was raised 
until comfort was obtained. One point of the 
A.S.H.V.E. comfort curve gave the temperature of 
3 walls at 45 deg F with air at 78.9 deg F. The 
comfort index computed by the method here de- 
vdoped for such a condition is —284. If the floor, 
cdling, and fourth side wall had been assumed at a 
temperature slightly lower than that of the air, the 
index would have approached very nearly the ideal 
of —300. Since the room was so small it was more 
easily possible to take into account the solid angle 


TABLE 1—NUMMARY OF DATA FOR 10 TYPICAL OBSERVATIONS 


1 . 


2 . 

3. 

4. 
6 , 
6 . 

7. 

8 . 
9 . 

10 . 

11 . 

12 . 

13. 

14. 

15. 

16 . 

17. 

18. 

19. 

20 . 
21 . 
22 . 

23. 

24. 

25. 

26. 


Observation No. 


Outside air temp. (® F). 

Air changes per hour. 

Temp, of entrance air (® F). 

Temp, of exit air F). 

Temp, rise of air in room (® F). 

Temp, of air surrounding room (** F). 

Area of heated ceiling (sq ft). 

Temp, of heated ceiling (® F). 

Area of cold ceiling (sq ft). 

Temp, of cold ceiling (® F). 

Area of heated walls (sq ft)... 

Temp, of heated walls (® F). 

Area of cold walls (sq ft). 

Temp, of cold walls (® F). 

Watts lost through walls. 

Watts lost to air. 

Total dissipation (computed). 

Watts input meter rea^ng. 

Watt density (watts per sq ft). 

Avg enclosure temp. 

Avg air temp., thermocouple. 

Avg air temp., mercury thermometers.... 

Per cent of ceiling area heated. 

Per cent of side wall area heated. 

Per cent of enclosure surface heated. 

Comfort index. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 * 

32.2.. 

33 .. 

16.7.. 

29.7., 

46.5. 

. 37.6.. 

44.3.. 

43.7.. 

36.7. 

20.4 

1.15. 

1.18. 

3.1.. 

3.3.. 

6.1. 

3.2.. 

3.3.. 

3.2.. 

2.1. 

2.1 

55.0.. 

56.0.. 

33.5.. 

49.4.. 

53.3. 

48.3.. 

66.4.. 

56.9.. 

. 54.1. 

43.3 

66.3.. 

64.0.. 

69.3.. 

68.6.. 

66.0. 

68.2.. 

71.4.. 

74.1.. 

. 69.1. 

67.8 

11.3.. 

8.0.. 

25.8.. 

19.2.. 

1. 12.7. 

. 19.9.. 

16.0.. 

18.6.. 

15.0. 

24.5 

192 !! 

58.0.. 

44.0.. 

. 

61.4. 

. 60.0.. 

65.6.. 

. 66.8.. 

. 63.1. 

67.6 

192 .. 

144.0.. 

144.0.. 

96.0. 

. 96.0,. 

96.0.. 

96.0. 

96.0. 

96.0 

82.3.. 

78.4.. 

87.5.. 

106.1.. 

96.0. 

. 96.3.. 

91.2.. 

. 104.4.. 

. 89.1. 

. 107.1 

. 

*.. 

48.0.. 

48.0.. 

. 96.0. 

. 96.0.. 

96.0.. 

96.0.. 

96.0. 

96.0 

*36 !.’ 

*36 !. 

60.0.. 

69.5.. 

66.8. 

66.9.. 

70.9.. 

73.0.. 

67.9. 

66.3 

36.0., 

36.0.. 

. 84.0. 

. 102.0.. 

84.0.. 

84.0.. 

84.0. 

84.0 

81.2.. 

77.2.. 

90.0.. 

111,6.. 

96.0. 

97.0.. 

90.8.. 

. 103.9.. 

. 103.9. 

. 101.2 

458 .. 

468 .. 

458 .. 

458 .. 

. 410 . 

. 392 .. 

410 .. 

. 410 .. 

. 410 . 

. 410 

62.7.. 

66.0.. 

60.0.. 

68.5.. 

. 67.0. 

66.3.. 

70.4.. 

, 73.7.. 

68.8. 

. 67.2 

iii *. *. 

1,076.0., 

1,876 .. 

. 

. 919 . 

. 1.440 .. 

1,067 .. 

. 1,467 .. 

. 1,007 . 

. 1,932 

83.0.. 

•700 .. 

675 .. 

. 690 . 

. 670 .. 

475 .. 

. 527 .. 

. 280 . 

. 462 

1,266 .*! 

1,159 .. 

2,676 .. 

. 

, 1,609 . 

. 2,010 .. 

1,532 .. 

. 1,984 .. 

. 1,287 . 

. 2,394 

1.200 .. 

2,100 .. 

2,600 .. 

. 1,800 . 

. 2,400 .. 

1,460 .. 

. 2,200 ., 

. 1,400 . 

. 2,900 

5.3.. 

5.3.. 

11.6.. 

14.0.. 

, 10.0. 

. 12.1.. 

8.0.. 

12.2.. 

7.8. 

16.1 

68.9.. 

66.0., 

66.1.. 

76.7.. 

, 73.0. 

74.0.. 

76.1.. 

80.2.. 

73.2. 

75.4 

66.0.. 

63.0.. 

59.2.. 

68.4.. 

. 66.0. 

68.3.. 

70.4.. 

. 73.7.. 

68.8. 

67.6 

l66 !! 

64.0.. 

. 

70.0.. 

. 68.0. 

. 70.0.. 

72.7.. 

. 76.0.. 

70.7. 

70.3 

100 .. 

75 .. 

76 .. 

. 60 . 

60.0.. 

60.0.. 

. 50.0.. 

• 50.0. 

50.0 

7.8.. 

7.3.. 

7.3.. 

7.3.. 

. 17.0. 

. 21.0.. 

17.0.. 

. 17.0.. 

17.0. 

. 17.0 

26.0.. 

26.0.. 

20.5.. 

20.5.. 

. 20.6.. 

22.6.. 

20.5.. 

. 20.6.. 

. 20.5. 

20.5 

-353 .. 

-447 .. 

-616 .. 

-189 .. 

. -285 .. 

. -232 .. 

-187 .. 

. -64 .. 

. -240 . 

.-226 


Dimensions of room, 12x16x8.8 ft. Inside areas in sq ft: ceiling, 102; floor. 192; side walls. 494; total, 878. Space, 1,690 cu ft. 
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Fig. 3—(Left) Radia¬ 
tion From a Vertical 
Cylinder Having the 
Approximatb Size 
AND Shape of an 
Average LIan, With 
THE OtrrsiDB Tempbr- 
ATX7RB Maintained 
AT 80 Deg F 


Fig. 4—(Right) Con¬ 
vection From a Ver¬ 
tical Cylinder Hav¬ 
ing THE Approximatb 
Size and Shape of an 
Average Man 



AIR TEMP. IN DEG FAHR. 


6 in. below ceiling center of room.69.1 

Oim^efloor.^.2 

Front left comer 14 in. above floor.68.2 

At breathing line for one seated back of desk.69.2 

Right side near bookcase thermometer.68.1 


The floor was covered with a chenille carpet the 
. temperature of which, after equilibrium conditions 
were establidied, was from 2 to 3 degrees higher- 
than that of the air- ^ 

From an examination of Table I it is apparent 


and orientation of surfaces, which also raised the 
computed radiation losses. It is believed, therefore, 
that the method developed for predicting comfort 
conditions in radiant heated spaces is satisfactory 
for all practical purposes. 

The method of.using these curves is simple enough 
as is illustrated in the following example: 

Let area of total enclosure surfaces be 878 sq ft. Assume: 

96 sq ft of ceiling at 107* F 
96 sq ft of ceiling at 66“ F 
84 sq ft of walls at 101“ F 
410 sq ft of walls at 67“ F 
192 sq ft of floor at 69“ F 
Air temperature. 67.5“ F 

From the radiation and convection curves we have: 

Radiatum 

96 sq ft at 107“ - +460 X 96 = +^.100 

96 sq ft at 66“ - -202 X 96 = “21.000 

84 sq ft at 101" “ +351 X 84 = +29.600 

410 sq ft at 67“ - -195 X 410 = -fO.W 

192 sq ft at 69“ “ —166 X 192 “ —31,600 

- -68,900 


and the average ia • 


-58,900 


that conditions represented by observations 1 and 6. 
come nearer to fulfilling comfort requiremente than 
any of the others, their comfort indices being re- 
spectivdy, —353 and —285; however, No. 1 is too. 
cool, and No. 5 is too warm. For No. 5 the air- 
temperature is 7 deg F lower than the average en-. 
closure temperature. It may be pointed out also, 
that by raising the average endosure temperature 
some 5 deg above that usually prevailing for ordi¬ 
nary h pating methods, the air temperature is lowered 
4 deg in this particular instance and should^ have 
been lowered another degree for ideal conditions. 

In general, no effort was made to find the optimum 
conditions for the greatest number of people, but 
comfort always was aimed at and with 2 excep¬ 
tions (observations 3 and 8) the room was not ex¬ 
tremely uncomfortable for any of the conditions re¬ 
corded in the Table I. 

The method of using rather extensive areas 
moderatdy low temperatures has been given more 
study in Great Britain than in this country. Sevwal 
references relative to this so-called panel heating- 
in fhp bibliofiTanhv preferences 4 to. 


Convection for sax a,t 67.5 = —160 

Total dissipation = —227. , . . in 

Data for these figures were taken from observation No. 10. 

One of the outstanding features of this heatmg 
method as observed in the experimental work de¬ 
scribed here is the remarkable uniformity of air tem¬ 
perature throughout the entire room. The fin^wue 
tihennocouple used to ejqjlore various parts of the 
room indicated air temperatures not diffeni^ more 
f lpgn a degree from each other. As an example, 
details of observation No. 6 show temperatures m 
degrees F as follows: 


15, inclusive). 

Humidity was neglected in this work because its 
effect on fnaman comfort at a diy bulb temperature 
of less 70 deg F is not so important as it is at 
highpr temperatures. (See American Society of 
TT pf^fing ' & v pntilating Guide for 1931) p» 409) for 
curve of heat and moisture losses as functions of the 
dry bulb temperature.) In fact one of the advan-r 
tages of cool air and warm walls is that not only is 
the relative humidity naturally higher, but its ^ect 
as a comfort factor is much less important than it is 
for warmer air. 
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Electric house heating is attractive because it is 
clean, easily controlled, and requires no labor for 
operation. It is expensive at present power rates 
and method of application, but this low temperature 
radiant heating suggests a possibility of lowering 
costs.^ The normal power requirements for straight 
electric resistance heating is 1.2 to 1.5 kwhr per cu 
ft of space heated per heating season of 212 days 
(Oct. 1 to May 1) based upon; 40 deg F average 
outdoor temperature; infiltration of one change per 
hotu; and ordinary brick veneer wood frame, lath, 
and plaster construction. Ihis figure no doubt 
could be reduced by in^ation, and by dose night 
and day regulation with lower temperatures at 
night. ^ Pand heating ofE^ers some additional saving 
in straight resistance heating because it is unneces¬ 
sary to warm the air quite as much where radiation 
plays a greater part. But this low temperature wall 
heat will make a tremendous difference if reversed 
refrigeration becomes generally used. By pumping 
heat from the outside to a moderate temperature of 
say 80 deg F, the coeffident of performance of the 
heat pump is much higher than if this heat were to 
be pumped in at a temperature of 180 deg F. In 
fact with one-cent power and reversed refrigeration 
operating between 40 and 80 deg F, the actual operat¬ 
ing costs become competitive with coal. 

Even with present power rates dectric wall heat¬ 
ing should be applicable to warmer climates where 
the necessity for heat occurs only an hour or so in the 
mornings and evenings during the winter season. 
The type of wall units described here can be made 
quite inexpensive so that the cost of equipping an 
entire house would be but Httle more thati the cost 
of ordinary lath and plaster. 

Summary and Conclusions 

Bri^y summarized, the important findings of this 
investigation and condusions reached are as follows; 

1. The results of observations on space heating with rather exten¬ 
sive surfaces at moderately low temperatures have been worked 
mto a pra^cal method of predicting comfort with various com- 
bmations of wall and air temperatures. 

2. The air temperature may average from 2 to 8 deg lower than 
the average enclosure temperature, which results in a saving of heat. 

3. Most of the radiating surfaces were put in the ceiling; this 

seems to be desirable to cut down heat los.ses. and is not objectionable 
from the standpoint of comfort. It no doubt would be desirable 
to put warm pan^ in selected places in the side walls, as, for in- 
st^w, under windows to prevent downward air currents and 
nullify to some extent the body’s radiation to the cold window 
surfaces. , 

4. A remarkably uniform temperature was found to prevail within 
the room as a result of the heating method here presented. 

low temperature radiant beating method in combination 
mth lev^d refrig^tion would lower the operating costs of elec- 
tnc heating to a point where it might be competitive with heating 
by gas and oils or even coal. 

6. Power consumption varied from 5.3 to 16.1 watts per sq ft. 

It IS pebble that a 2-range provition might be made with a 

density of W watts per sq ft for accelerated effects on a cold 

for a few mmute afto the power is turned on, and ‘A of that density 

^ Wiere 1 sq ft of heated area is used for 

each 10 cu ft of space heated, 12Vi watts per sq ft should be ample 
for quite SCTere weather. Modifications in outdoor temperature' 
could te taken care of with a thermostat set to throw the power 
on or off according to requirements. 


The author wishes to express his appredatiou to 
Mr. W. C. Stickney of the Westinghduse research 
laboratories for his assistance in connection with the 
work here reported. 

Bibliography 

1. Hbat and Moisturb Losses From thb Human Body and Trbir Rblation 

TO Air Conditionino Froblbms, P. C Houghton, W. W. Teague, W. E. Miller, 
and W. P. Yant. Trans,, v, 86. 1929. 

2. Smithsonian Miscellaneous Collections, v. 81. no. 6. 

3. Cold Walls and Thbir Relation to thb Fbblznq op Warmth, P. C, 
Houghton and Paul McDermott. Heating, Piping, 6* Air Conditioning, Tan. 
1933, p. 63. 

4. Panbl Warming. L. J. Fowler. Heating, Piping, fsr Air Conditioning, 
Jan. 1930, p. 47. 

6. Thbory of Radiation Hbatino, T, Napier Adlam. Heating 6* Venti^ 
lating. May 1931. p, 66. 

6. Somb Tbmpbraturb Studies in Radiant Hbatbd Rooms, T. Napier 
Adlam. Heating 6* VenlUating, June 1931, p. 69. 

7. Prbsbnt Mbtrods op Hbatino by Thermal Radiations, T. Napier 
Adlam. Heating 6* Ventilating, July 1931, p. 76. 

8. Application op Radiant Hbatino, T. Napier Adlam. Heating Venti- 
lating, Aug. 1931, p. 66. 

9. Calculations for Radiant Hbatino, T. Napier Adlam. Heating &• 
Ventilating, Oct. 1931, p. 62. 

10. Results op Tests on Radiant Hbatino Installations, T, N. Adlam, 
Beating Ventilating, Nov. 1031, p. 68, 

11. Thb Frznciplb of Calculation of Low Tbmpbraturb Radiant Hbat¬ 
ino, A. H. Barker, Heating 6* VenlUating, Feb. 1932, p. 48. and March 1932. 
p. 48. 

12. Methods op Radiant Hbatino, A. H. Barker. Journal of the Royal 
Society of Arts, v. 76,1928. p. 366. 

13. Somb Notbs on thb Theory op Radiant Hbatino, C. G. Hays Hallet. 
Abstracted in the Heating 6“ Ventilating Engineer (London), Jan. 1931, p. 211. 

14. Editorial on Radiant Hbatino. Healing & VenlUating, March 1031, 
p. 63. 

Hbatino. ffeating, Piping. 6* Air Condilioning, 

Oct 1931, p. 877. 


Discussion 

R. E. Hellmund: In view of the fact that an appreciable per¬ 
centage of air-conditioning and comfort-creating equipment will be 
operated by electrical means, a great many electrical engineers will 
be brought into contact with this work. This applies to design, ap¬ 
plication, and utility operating engineers. Unquestionably these 
^gineers will find it easiest to understand the fundamentals entering 
into human comfort by considering the analogy betWeen the human 
machine and the electrical machine as well as certain differences that 
exist between the two. 

Electrical apparatus, under given loads, usually has certain 
which appear as heat and which have to be dissipated through radia¬ 
tion and convection. In order to make dissipation of' this heat 
po^ble by these two phenomena, the electrical marline temperature 
adjusts itself to certain differences between the temperature of its 
snrfaim and that of the surrounding air and objects. The 
maishine, like the dectrical machine, also has certidn losses appearing 
as heat wh^ have to be dissipated. These losses, as in the elec- 
Mcal machine, depend to some extent upon the load to be carried; 
in sedentary occupations they are in the neighborhood of 117 watts! 
The human mechanism apparently regulates these losses in such a 
way ^t they are fairly constant over a certain range of surrounding 
conditions. In addition, the body seems to be able to vary 
losses under surrounding conditions of either extreme, but when this 
is necessary it is usually outside of the range of comfort and therefore 
this factor can be neglected whenever artificial means are applied 
to create comfort. Therefore, the principal difference to be con¬ 
sidered between the electrical and the human machine is that the 
human organism under normal conditions maintains a more or less 
consist temperature regardless of surroundings. The necessary 
equilibrium nevertheless can be maintained because the human body 
loses heat not only by radiation and convection but also by evapora¬ 
tion (both through the breathing organism and through perspiration 
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of the outer skin); the nearest analogy to this in the electtical field 
is a liquid rheostat operated at the boiling point of the liquid. 

This point is illustrated fiurther in Fig. 1. In Fig. lA, assuming 
normal conditions in a heated room during a cold day, it is assumed 
further that there is a definite difference in the temperature of 
the clothing worn and that of the surrounding walls. Under these 
assumptions, the loss by radiation (represented by line I) is of course 



Fig. 1. 


constant regardless of the air temperature. The loss by convec¬ 
tion is 2 cro with the air temperature equal to that of the clothing 
and it increases with the increasing difference between the air and 
the clothing temperature. In other words, the loss by radiation 
and convection can be illustrated by curve II. It follows then that 
the difference between this curve and curve III, representing the 
total loss, must be dissipated through evaporation, and under the 
assumed conditions the greatest comfort is obtained with a loss 
through evaporation as indicated by the line CD, at a temperature 
of about 76 degrees and with a relative air humidity of about 60 


per cent. 

In Fig. IB, it has been assumed that the difference between the 
temperature of the wall and that of the clothing is appreciably smaller 
than in the previous case, a condition that may be obtained during 
a somewhat warmer day in winter or by means of artificially heating 
the walls during colder days. It is at once evident that with ^e 
same humidity and the same amount of loss through evaporation 
iCD), comfort will be possible with a much lower air temperature, 
probably in the neighborhood of 66 degrees. The loss by convec¬ 
tion may be increased by increased air velodty across the person, 
such as might be caused by a draft in winter time, a condition that is 
illustrated in Fig. IC. With a loss by radiation the same as in Fig. 

1 A , the convection curve is much steeper than in that figure. Natm- 
ally the loss by evaporation also increases with the air velocity 
and'therefore CD is assumed somewhat larger. Fig. 1C shows that 
on a cold winter day, with cold outside walls and certain drafts, ^ 
air temperature of above 80 degrees will be required to obtam^e 
same comfort as with the previous figures. On the other hand. Fig. 
ID assumes the same radiation loss as B but increased air velocity, 
and indicates comfort with a temperature around 76 degrees. As 
already indicated, the relative humidity has been assumed coiwtant 
around the average value. However, even if ^e humdity should 
be lower, as is frequently the case in winter, this simply means tto 
the loss by evaporation wiU slightly increase, which fw cohort 

that the loss by convection should decrease. This makes it 
necessary to maintain a somewhat higher air temperature, which as a 

rule can be done very readily. j 

In summer time, the various factors previously motioned are of 
equal importance, except that comfort is influenced largdy by the 
fort that humidity tends to be high rather than low as m winter. 
For the purpose of indicating the points at which marked di^^- 
fort LgiS^ows 1, 2, and 3, relating to different values of relative 
humidity, have been added to the figures. 


Fig. lA may now represent a summer day after a cold spell, leav¬ 
ing the walls in cool condition and permitting some radiation. As a 
matter of course, a temperature of 75 degrees again means comfort. 
However, if it is assumed that during such a day the air temperature 
rises to about 80 degrees and that the humidity is 70 per cent, dis¬ 
comfort would start due to perspiration. Fig. IB corresponds to a 
condition often met with upon entering a room after a relatively 
hot day. The walls are hot, permitting very little radiation from 
the person, and considerable discomfort will be felt with a humidity 
of about 70 per cent even though the evening air admitted through 
the windows may have cooled down to about 70 degrees. 

Up to the present time, the most common means used for obtain¬ 
ing relief in summer has been the electric fan, which increases the 
loss of heat by convection as indicated in C and D. Fig. IC shows 
that with cool walls and with 70 per cent humidity, fair comfort 
might be obtained with an air temperature up to about 86 degrees 
under the assumptions made; while with hot walls, as they are most 
likely to be, discomfort will start around 76 degrees with the curve 
shown in D. Although it is frequently stated that fans, because 
they dp not actually cool the air, are not useful, it is evident that 
they are quite effective in dissipating heat and creating comfort. 
The principal shortcoming of the electric fan lies in the fact that 
the air currents are uni-directional and do not unifonnly cool the 
body surfaces. Furthermore, it is difficult to regulate for the most 
advantageous air velocity. It should be pointed out also that the 
steepness of the convection curve as obtained with fans means that 
a relatively small decrease in air temperature may lead to discomfort 
under certain conditions. Nevertheless, the fan, on account of its 
convenience and low cost, will continue to be a most popular means 
of obtaining some degree of comfort in the hot weather. 

On the other hand, the more modem air-conditioning equipment, 
bringing about de-hinnidification, lowering the air temperature, and 
possibly artificial cooling of the walls, can be much better regulated 
and therefore is the only way in which comfort can be realized 
safely under all summer conditions. However, even here it is im¬ 
portant that the effect of the various factors be fully appreciated 
and taken into account if misapplications are to be avoided. It 
is hoped that the simple curves given with this discussion may as¬ 
sist along this line, although, for the sake of simplicity, some as¬ 
sumptions not strictly correct were made and some factors have been 
neglected. A more detailed study of the conditions indicates, for in¬ 
stance, that the change in temperature drop through the clothing 
and skin, which has been neglected in the curves, is an important 
factor in broadening the zone of relative comfort. The simplified 
method of attack was chosen merely because it may be more suit¬ 
able for conveying the fundamental ideas to the average engineer 
thau the various rather complicated charts in use by air-conditioning 
specialists. 

B. R. Teare, Jr., and Louis Levines This discussion is con¬ 
cerned mainly with 2 items treated in the paper: 

1. The "comfort criterion” proposed by the author. 

2. The possible power savings obtainable through panel heating. 

On the basis of material presented by Mr. L. W. Schad, research 

performed at the A.S.H.V.E. Research Laboratory (reference 3 
of the paper), and calculations made by the writers, the -ralue of the 
proposed comfort criterion seems doubtful. 

The results obtained from a problem assigned several montte 
ago to the Thermal Engineering Section of the Advanced Co^ in 
of the General Electric Company are given in the 
follovring. The class was asked to find various combinations of 
room air and wall temperatures such that the same overall conditions 
of comfort obtained as with walls and air at 70 deg F (middle of 
the winter comfort zone). The method used in solving this problem 
fundamentally was the same as that used by hfr. Schad in his cal¬ 
culations, but the results were e^ressed in different form. The 
advantage of this procedure is that it permits checking the calcula¬ 
tions against the A.S.H.V.E. test data, and permits one to see at a 
the waU temperature required for any air temperature it is 
desired to maintain. 
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The main assumptions used in solving this problem were as follows: . walls are shown as a dashed curve. The curves seem to indicate that 
1. Heat dissipated by an occupant remains constant at 400 combination of air at 60 deg and enclosing surfaces uniformly at 
Btu per hour. This is divided between evaporation, constant at <^eg represents a comfortable condition, as claimed by Mr. Schad. 


95 Btu pa: hour, and radiation and convection, the sum of which 
was constant at 305 Btu per hour. This data was taken from the 
A.S.H.V.E. Guide. 

2. A human occupant may be represented, for purposes of cal¬ 
culation, by a cylindrical body having a surface area of 19.6 sq ft. 
The total area is taken to be effective in convection; 85 per cent of 
this in radiation. 

3. Emissivity of the body surface is taken as 0.93. 

4. The heat loss by convection is 

he - 0.22 [To — Btu per sq ft per hr 
The heat loss by radiation is 

hr = 0.93 X 1.07 (To - Tw) 
where To » body temperature 
Ta = air temperature 
Tw “ wall temperature 

The radiation expression is a linear approximation to the fourth 
power law, sufficiently accurate for the small temperature range 
used. This and the convection expression were taken from "The 



Basic Laws and Data of Heat Transmission'* by W. J. King, Me¬ 
chanical Engineeringt March-August, 1932. 

5. A condition of unchanged comfort is obtained by maintaining 
an unchanged body surface temperature and an unchanged body 
heat loss. 

Three different cases were considered in this problem: 

1. Walls, ceiling, and floor all at the same temperature, Tw *. 

2. Walls all at same temperature, T w; ceiling and floor at air 
temperature, Ta* 

3. Three walls at temperature Twj. one wall, ceiling, and floor at 
air temperature, Ta* "1?^® case corresponds to conditions estab¬ 
lished in the work done at the A.S.H.V.E. Research Laboratory by 
F. C. Houghton and others. 

In case 2, it was assumed further that 76 per cent of the body 
radiating area radiates to the wall temperature, Tw, and 26 per cent 
radiates to the ceiling and floor at air temperature, Ta* In case 3, 
these figures were taken as 56 per cent and 44 per cent, respectively 
(66 per cent « V 4 X 76 per cent). 

The results of this andysfe are given in Fig. 2. In addition, test 
data gathered at the A.aH,V,E. Laboratory on the effect of cold 


On the other hand, if the method of calculation were accurate, curve 
3 should coincide with the expedmental curve 4, which represents 
a careful piece of research. Actually, there is considerable diver¬ 
gence between these two curves, and this tends to cast doubt on the 
accuracy of the calculations. This discrepancy, together with the 
others pointed out above, leads us to believe that it may be safer to^ 
place reliance in experimental criteria of comfort rather than in 
calculations based on questionable assumptions. 

With regard to the matter of power consumption, it is hard to see 
justification for Mr. Schad's claim that panel heating promises lower 
operating costs than other methods of electric heating, which are 
notoriously expensive. To quote from his paper: 

"The normal power requirements for straight electric resistance' 
heating are 1.2 to 1.6 kwhr per cu ft of space heated per heating: 
season of 212 days (Oct. 1 to May 1) based upon: 40 deg F average 
outdoor temperature; infiltration of one change per hour; and: 
ordinary brick veneer wood frame, lath, and plaster construction.... 
Panel heating offers some additional saving in straight resistance 
heating because it is unnecessary to warm the air quite as much as. 
where radiation plays a greater part.” 

It would seem to the writers that the heat loss from a structure 
using radiant heating would be at least as great as for an equivalent, 
structure using an efficient method of convection heating, and really 
this is the criterion that determines operating costs. It is true that 
with lower air temperature the infiltration loss and the conduction, 
loss through unheated portions of external walls is somewhat re¬ 
duced. But it is equally true that where radiant panels are installed 
in external walls, as they should be to counteract radiation from the 
body to those cold surfaces, the conduction loss through those wall 
sections tends to increase. This can be seen from the following: 

Heat loss constant X (temperature of inside wall surface — out- 
side air temperature) 

*= constant X AT 

Without panel heating, inside wall temperature * 65® 

Average outside temperature = 40® 

AT = 25® 

With panel heating, inside wall temperature = 80° to 110® 

Average outside temperature = 40® 

AT = 40® to 70® 

This loss may be reduced by using additional insulation, but, of" 
course, such insulation would aid any heating system. 

Further evidence leading to the same conclusion may be derived. 
from 2 reports of experimental work published in recent years. The 
first is by L. J. Fowler and is given as reference 4 in Mr. Schad's. 
paper. A 21,260-cu ft home was heated by electric panels of 20 kw 
capacity from October 1, 1928 to May 1, 1929, holding the interior 
temperature at 60 deg F while the outdoor temperature averaged 
43 deg F. This corresponds to a heating season of 3,600 degree 
days. The actual energy consumed was 30,300 kwhr or 1.42 kwhr 
jper cu ft of space heated. This falls in the range given by the author • 
for resistance heaters, and for conditions that are more favorable 
than he assumed. 

The second report is by E. B. Dawson and J. F. Lamb, of the 
Westinghouse Company, "Electrically Heated Houses” published in. 
the MeUrical World, January 12, 1929. A 14,000-cu ft home, well 
insulated with corkboard, weatherstripped, and calked, and heated 
by a thermal storage system with electric heat required 20,660 • 
.kwhr fcM: a heating season of 6,186 days. If this figure be corrected. •. 
to a heating season of 4,600 degree days, which would correspond . 
to an average outdoor temperature of 43 deg and the usual interior- 
base temperature of 66 deg, it shows the power consumption would . 
h^ve been 1 kwhr per cu ft of space heated, and that without panel* 
heating. Of course, this figure is not directly comparable with the - 
preceding one because it does not apply to the same stameture, but iti 
indicates results that can be obtained. 
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As regards the use of a heat pump, this would no doubt reduce 
operating costs materially. The major part of such reduction must, 
however, be credited to the heat pump itself, and not to the panel 
heating auxiliary. Low temperatures of heating air can be obtained 
without panel heating simply by using a large condenser surface, 
which also would be necessary if panel auxiliaries were employed. 
If lower air temperatures arc to be used in the latter case, a corre¬ 
spondingly larger condenser must be used for the same amount of 
heat delivery; however, a slightly better coefficient of performance 
perhaps can be obtained. 

It is not the intention of the writers to depreciate the work being 
tlonc by Mr. Schad. The field under discussion is a new one and 
there is much to be learned. Further research may indicate the de¬ 
sirability of modifying our heating methods for reasons of comfort, 
health, cleanliness, and ease of control. Power rates may be re¬ 
duced to the point where we may be willing to pay a slight differential 
for the undoubted advantages of electrical heat in one form or an¬ 
other, Consequently, such work as the present is exceedingly valu¬ 
able and deserves all possible encouragement. 

L. W. Schad: The author is indebted to Mr. R. E. HeUmund for 
his discussion presentmg a more general picture of comfort require¬ 
ments. It is true that all the factors must be evaluated so that the 
essential ones may be taken into account for the most satisfactory 
design and application of year round comfort producing equip¬ 
ment. 

Messrs. B. R. Teare, Jr., and Louis Levine by questioning the 
comfort criterion as proposed by the author, emphasize the need for 
a simple and accurate method of estimating radiation effects on 
human comfort under all conditions. The exact ma^ematical 
solution as suggested by the author is by no me^s simple and 
would be more or less inadequate where the warmed panels were 


not distributed symmetrically, for one solution would hold for only 
one position of occupancy . 

The method suggested by Messrs. Teare and Levine perhaps is 
no more satisfactory than the approximate method proposed in the 
paper, since it also must be dependent upon distribution of pands, 
room size, and position of the occupant. However, both methods 
are aims in the desired direction and if substantiated perhaps with 
refinement by further experiments, should be very useful in designing 
panel heating systems. 

Fml Saving by Panel Heat: If it is found satisfactory to place 
most of the warmed panels in ceilings or inside walls instead of 
mainly in the outside walls, the objection raised by Messrs. Teare 
and Levine that the heat loss will be as great with panel heating 
systems as with good convection systems because of the increased 
gradient from inside wall surface to the outdoor air is invalid. How¬ 
ever, it is doubtful whether any great saving can be effected by the 
panel system here in America without the use of the heat pump. 
Claims are made by our British friends that there is a substantial 
saving effected by the use of panel heating systems but British com¬ 
fort standards are somewhat different from ours. The writer does 
not believe, however, that to increase the condenser size in the case 
of the heat pump would be as desirable or effective in raising the 
overall efficiency as would panel heating in conjunction with the 
heat pump. The usual warm air system delivers air at 140 degrees F 
or over according to the severity of the weather. The condenser 
of the heat pump would have to operate at a top temperature of 
80 degrees F. Hence the register air temperature would be less than 
80 degrees and still must deliver the required amount of heat. The 
result would be a circulation of much greater air volumes and, of 
course, serious drafts unless elaborate precautions were taken to 
prevent them. 



Improvements in Mercury Arc Rectifiers 

J. H. COX» 

Associate, A.I.E.E. 

^ynopsis.—-An improved design of section for the sectional mercury subway system in New York City, are described specifically 
arc recu]^ »j descrtbed, together with the manner of assemhUng into the Performance characteristics, which include arc voltage curves deter- 
sectt^ unit. The paper includes also a brief description of the mined from both laboratory tests and operating service are given. 

mttes ^ used. The units being supplied to the Board of Factors determining design features are discussed. 

1 ransportahoUt for the Fulton Street section of the independent ♦ ♦ ♦ ♦ 


capacity tor Slepian further suggested that since all vapor that. 
^ !'• comes into coptact with a cooled surface condenses 

TTfR 4^®rton s paper ( High Capacity Rectifier (thus the temperature of this surface determines 

Sectionahzmg,” A.I.E.E. tiie pressure of the vapor in the regions adjoining) 
p. 611-16) pres^ted at the 1932 in order to maintain the desired vapor density in the 
1 ■ convention. Obviously, the sue- arc conducting regions it is necessary only to clear 

cesrful ac^evem^t of a sectional rectifier, without the way for the vapor to reach the condensing sur- 
^ pro^bitively large, involved the devel- faces. If these surfaces be maintained at the desired 
f ^ rectifier sectaon greatly reduced in size temperature there is no limitation, that is approached 
^m the fmnih^ conventional rectifi^ of 600 to 1,000 in mercury arc rectifier practice, to the watts per unit 
^ capamty. Because of &e characteristics of the area that can be dissipated. Therefore, in designing 
this reduction m size of section inevitably the improved sectional rectifier the basis used was a 

conventional rectifier with which a great deal of 
a further enhan^g of the advantage of the sectional successful experience was available; but no attention 
The design was b^d upon a 1,260- was given to area of cooling surfaces, and the only 
“ approxi^tdy the rating above considerations were that ample passages be provided 
nar>^ for the smooth flow of vapor from the source at the 

desmbes the first dea^ of sectional cathode to the condensing surfaces, so as to prevent 
ctraer. Sne^^at tune, considerable mprovement undesirable rises in pressures. Also, the parts were 


--/-- - -- ****J^*V r 

nas been made both in performance and convenience 
of operation. This paper describes the 3,000-kw 
626-volt unit being installed on the Pulton Street 
line of the Independent Subway S 3 ^tem of the City 
of New York; this unit is typical for any capacity 
above 760 kw at 600 volts. The paper also briefly 
describes smaller rectifiers for capacities below 760 
kw. 

During recent years great advances have been 
made in the knowledge of the fundamentals of the 
electric arc. This information faciUtated the im¬ 
provements made in the sectional mercury arc recti¬ 
fier. (See “Backfire in Mercury Arc Rectifiers,” 
by J. Slepian and L. R. Ludwig, A.I.E.E. Trans., 
V. 61, 1932, p. 92—104; “Mercury Arc Rectifier Re¬ 
search,” by A. W. Hull and H. D. Brown, A.I.E.E. 
Trans., v. 60, 1931, p. 744—66; and “A New Method 
for Initiating the Cathode of an Arc,” by J. Slepian 
and L. R. Ludwig, A.I.E.E., Trans., v. 62, 1933.) 
There are certain advantages in the arrangement 
of parts in the conventional t 3 pe of metal tatiV recti¬ 
fier. In the past, as the result of available experi¬ 
ence, it was believed that a rather definite relation¬ 
ship existed between the cooling surface area atiH 

__ _.Afr* a « 


so arranged that the vapor flow would sweep to the 
vacuum pumping connection such permanent gases 
as gather, and prevent any accumulation that would 
keep the vapor from reaching the coolmg surfaces 
or from entering the arc path with objectionable 
results. Thus, since the amoimt of vapor coming 
from the cathode is proportional to the current and 
sin^ it is essential that the correct vapor density be 
maintained, the current carrying limit is determined 
by the proviaons for disposition of the mercury 
vapor, in addition, of course, to the thermal limita¬ 
tions of the current conducting parts. The voltage 
liimtation of a rectifier is one of arc back which deter¬ 
mines the amount of deionizing required in the arc 
path. The influence of this on size is small com¬ 
pared to that of provisions determined by current. 

It is questionable if at the present time a tempera¬ 
ture can be specified at which rectifiers in general 
operate with lowest arc drop (See “Recent Develop¬ 
ments in High Current Mercury Arc Rectifiers,” 
by E. H. Reid and C. C. Herskind, A.I.E.E. Trans., 
V. 62, 1933). Of prime, importance is the ability 
to rectify without arcing back. Up to a certain 
point, raising the temperature lowers the arc droo: 


mg capacity. The ^pinc^ relationship adopted occur, it lowers the ability to withstand arc back 

+f ® objec- To counteract the tendency to arc back, in the pres- 

tionable. It w^ pomted ^t by Dr. J. Slepian of the ent forms of rectifiers deionizing surfaces are inter- 
Westinghouse Compmy, East posed in the arc path; these rSe tS Sc 

Therefore, both temperature and deionizing devic es 
must be considered and the optimum balance chosen. 
For a given arrangement of parts, the higlipr the 
temperature the greater will be the stability of the 
arc and the freedom from voltage surges. Of course 


- - * -... .1. CL., ULLCtU 

no fundamental relationship of this sort exists. Doc- 

• Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 

Presented at the summer convention of the A.LB.E., Chicago JU 
June 26-30,1933. 
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Fig. 1—3»000-Kw 625-Volt 4-Sbction Mercury Arc Rectifier 
With Truck Type Sections Which Can Be Taken Out of 
Service in a Few Seconds 


a high water discharge temperature conserves the 
cooling water required, but usually the importance 
of this is secondary to that of rectifier efifici^cy. 

Figure 3 shows a cross section of the resultmg de¬ 
sign, and indicates not only the compact arrange¬ 
ment of parts but also the wide, smooA pams for 
the vapor flow as discussed. The rectifier tank is 
equipped with a small dome from which the perma¬ 
nent gases are exhausted. Such gases as acct^ulate 
gather in this dome and, therefore, do not go into the 
region around the anode upon fluctuations m load 
with consequent fluctuations in vapor flow. 

In addition to the large size of foimer rectifiers due 
to condensing surface constants, the J? 

anode shield and the provision for cooling the anode 
terminal with water, which frequ^tly is emptoyed, 
imposed a height requirement that ^ 
reduce the anode structure length, 
grid length was substituted for the usual extra shield 
fength with a net saving of sev^al i^es. B^ause 
of the narrower passages of the gnd, ^ch unit of 
grid length is equivalent to a much grrater ^gth o 
shield The substitution of a small sohd ^ode 

radiator for the necessarily large wat^ed^atW 

is the relatively simple matter of d^ignmg tn® 
soXat the desW temperature gradient is obtained 
with I solid Siode stei. This, of course, requires 

an arrangement of parts such that f^n^J^ture^t 
^.ffpctive insulation operates at a temperature at 

^Ich 4e insulating value of the material is reduced. 

S amde of the sectional rectifier is shown m 
Fig 4 Graphite is used as the anode head because 



Fig. 2—One Section of the Rectifier Shown in Fig. 1 

These can be arranged in multiple for any capacity desired with no loss of 
efficiency, and the requirement for spare capacity reduced with increased size. 
Section shown is assembled with complete independent set of auxiliaries and 
contacts for truck type mounting 


it is not seriously damaged by arc back. Quartz is 
used for the grid because it is an insulating matmal 
with a high malting point and satisfactory mechanical 
strength. Making the grid of insulating material 
prevents the formation of a cathode spot on the grid 
with the resulting damage when passing heavy cur¬ 
rents. Quartz is used also as anode insulation in 
critical locations, because it maintains its insulating 
qualities at relatively high temperatures ^d Ae 
tendency for breakdown to occur at the junction 
between quartz and a conductor is less than with 


SOLENpe AN006'^ VWTER JACKET 

' \ - I \ anooeplatb) 





FlUSHNO WAIVE' 


^THODE 


Fio. 3—Cross Sbctional Vibw op the 1,250-Amp Recttfibr 
Section Shown in Fig.’ 2 


lost insulating materials. Shields and baffl^ 

3 arranged as to keep the spaced adjacent o 
isulation deionized, thus keeping the msularion 
lean by preventing sputtering, and reduemg the 
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to 15 amp to the excitation anode is obtained. By 
the addition of the excitation anode a source of 
ionization is brought dose to the anode shield 
opening, thereby eliminating any hesitancy to 
“pick up.” 

When the load on a rectifier suddenly is increased 
to a high value, voltage surges tend to appear. For 
any given load on a rectifier there is a given condition 
of vapor flow, vapor density, and ionization. Before 
the vapor density and ionization have had time to 
build up to the requiranents of the heavy load, the 
arc tends to be unstable and the fluctuations in the 
conductivity of the arc, together with the inductance 
of the circuit, generate the overvoltages. Since the 


tendency of the formation of a cathode spot with re¬ 
sulting arc back, at the junction between insulation 
and conductor. 

The cathode is equipped with a quartz cylinder 
which extends above the bottom of the vessel. This 
not only protects the edge of the cathode from the 
cathode spots at the surface of the mercury, but acts 
as a guide for the mercury vapor and as a sediment 
trap. The condensed mercury in returning to the 
cathode does so outside the cylinder; any foreign 
matt^, being lighter than mercury, floats on top and 
remains outside the cylinder. In retmming to the 
cathode the stream of mercury is broken up by an 
insulated bafiSe suspended from the cylinder and thus 
is prev^ted from bridging the cathode insulator. 
This arrangement is shown in Fig. 3. 

The scheme of excitation used is shown in Fig. 5. 
By using a copper oxide rectifier, the advantages of 
a d-c starting and excitation system are obtained, 
without the objectionable features of a rotating 
device.^ Before -^e arc is struck, practically tifie fuS 
potential is applied to the solenoid which depresses 
the ignition rod into the mercury. After the arc is 
drawn, the resistor in series with the ignition rod 
causes the greater part of the voltage to be impressed 
upon the excitation anode and the greater part of 
the excitation arc immediately transfers to that 
anode, without the provision of a separate supply. 
By properly designing the excitation supply equip¬ 
ment, ample voltage is available for the operation 
of the solenoid without a prohibitively high current 
or losses in the resistor after the arc is struck. The 
value of resistance and the characteristics of the 
copper oxide rectifier are so coordinated that a final 
current of less than 3 amp in the starting rod and 10 


source of these surges is the arc path between anode 
and cathode, their prevention is accomplished best 
by connecting capacitors between each anode and 
cathode to compensate for the variations in the con¬ 
ductivity of this path. Although it is not necessary 
for surge prevention, low valued resistors are con¬ 
nected in series with the capacitors to smooth 
out the voltage wave and avoid objectionable har¬ 
monics. 

Because a rectifier requires a highly evacuated 
vessel, and one containing only pure mercury vapor, 
the manufacturing technique differs radically from 
that usually employed in the construction of electrical 
machines. Extreme cleanliness must be practiced 
during the processes, and many of these processes 
must be carried out in a conditioned atmosphere. 
The accomplishment of a satisfactorily tight vessel 
has been aided greatly by modern welding methods. 
It is obvious, of course, that a reliable insulating seal 
is necessary for both anodes and cathodes. How¬ 
ever, several types of insulating seals are now well 
known, any one of which is sufficiently reliable. 
The choice of seal used is thus a matter of manufac¬ 
turing convenience and cost. Seals used in rec¬ 
tifier described here are the soldered-to-porcelain 
seal, at the anodes, and a sted-protected rubber 
gasket at the cathode. A similar type of rubber 
gasket is used between main tank and cover. 

Even with the best manufacturing technique, the 
construction of a nearly perfect metal vacuum 
tank is a difficult problmn; and the difficulties multi¬ 
ply with size of tank. Herein lies an important 
advantage of the sectional rectifier: Not only is 
the size of tank small for a large capacity rectifier, but 
also 'ffie standardization upon one size always iTialr<»g 
for higher quality and greater uniformity of product. 
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Auxiliaries 

The system of auxiliaries used incoqjorates several 
unique features. The mercury vapor vacuum pump > 
is of the multi-stage type, which is capable of pump¬ 
ing against a high back pressure. This high ba(± 
pressure capacity permits the use of a barometric 
seal, which consists of a tube of barometric length 
with the lower end immersed in a pool of mercury; 
in case of any accident to the vacuum system, this 
arrangement acts as a perfect automatic valve and 
prevents admission of high pressure gases into the 
rectifier vessel. This barometric seal is incorporated 
in the interstage reservoir between the low and high 
pressure pumps, which permits intermittent opera¬ 
tion of the high pressure pump. This pump consists 
of a rotary oil-sealed pump of small size durectly 
connected to a 'A'hp motor. Because of the ab¬ 
sence of gearing this pump is almost noiseless, and 
because of its small size the losses are low. However, 
the capacity is ample for the service required as is 
evidenced by the fact that in practice this pump is 
required to operate only from a few minutes per day 
to a few minutes per week depending upon how long 
the rectifier has been in service. The starting and 
stopping of the pump is controlled by a mercupr 
manometer connected to the interstage reservoir. 
Since the pressure at which this pump starte is wm 
below the maximum back pressure against which the 
mercury vapor pump will operate, a rise of pressure 
in the rectifier tank, with the resulting d^age 
cau.sed by operation under this condition, is not 

permitted. , 

The valve between the interstage reservoir arm 
the rotary pump operates on a float principle and, 
therefore, is automatic without requiring any elec¬ 
trical connections. When the rotary pi^p 
atmospheric pressure drives the oil back through the 
pump until enough accumulates in the valve to raise 

the float. . j -* 1 , „ 

Pressure in the rectifier is measured with a mani^ 

ally operated gage of the McLeod type and also 
a hot-wire instrument; the latto is comected to 
the control system for protecting the re^w ag^st 
ooeratinff under excessive pressures. This gage is 
ZfSto control the starting of the rotary pi^p 
because it is believed that operation of the rectifier 
with a pressure sufficiently high to operate this m- 
Siment is objectionable if continued for a long 
time All pressure measurements are made at a 
Section to the tank separate from the pimping 
connection. At the low pressmes bemg considmed, 
there is a considerable 
even relatively large passages. 
urement made on a pumpmg section at some dis¬ 
tance. from the tank may indicate a pr^tue a 
deal lower than actually exists m the tank. In ^e 
constniction of the McLeod gage, a compre^ible 
chamber is used instead of the usu^ barometric tub^ 
with a resulting reduction in length of more thm 50 
ner cent. The hot-wire gage is of the fmih^ type, 
but has improvements in compensatmg f®atur^ 
which reduce the effects of the various factors m- 
fluencing its calibration. 


Application 

With sectional construction the possibility of 
operating with part of the units out of service 
radically reduces the amount of spare capacity re¬ 
quired in a high capacity installation. The manner 
in which the rectifier sections are assembled is qiute 
flexible and is determined by the type_ of service 
required. In the rectifiers being supplied for the 
New York City Board of Transportation the sections 
are assembled in a truck type frame, and each section 
is madp complete in itself with its own vacuum and 
water control systems. It is equipped with truck 
type contacts and flexible water connections so that 
one section can be disconnected in a few seconds, 
and the remainder of the unit continued in operation. 
This complete flexibility, of course, is obtained at the 
expense of increased cost and increased number of 
auxiliary parts with the inemteble increase in such 
troubles as originate in auxiliari^. However, the 
auxiliaries have been made so reliable that trouble 
from this source is not serious. Where extreme flexi¬ 
bility is not required, it is just as feasible to connect 
the rectifier sections to a common manifold with one 
pumping system, in which case the number of auxili¬ 
aries is essentially the same as for a single tank unit. 

iron is the only inexpensive metal that does 
not react with mercury, metal tai^ mercury ^c 
rectifiers are constructed of steel; this, together with 
the requirement for water coolmg, introduces a cor¬ 
rosion problem. When water of the quality usuafiy 
available is used directly, the rectifier must be de¬ 
signed so that all water spaces are accessible for 
r'Uot.itig- and surfacing with corrosion reristmg nia- 
terial; this maintenance must be performed at rda- 
tively short intervals. Another, and probamy bet¬ 
ter way of solving the corrosion problem is by pro- 
vicUng a redrculating cooling system. This system 
may be either a water-to-water heat exchange or a 
water-to-air heat exchanger. In eith^ case the re¬ 
circulating water may be such as to elmunate pr^ti- 
cally all corrosive action. The recircdatmg syst^ 
may be either grounded and insulated from the recti¬ 
fier, or connected directly to the rectifier and insu¬ 
lated from ground with rubber hose, dependmg upon 
convenience where installed. It is necessary, of 
course, that the temperature be controlled ^curately. 
This is not a serious problem, however, for sev^al 
types of direct-acting temperature-regi^ting wat^ 
vXes are available, and the control element is 
placed in the location of most rapid 
diange to avoid the overheatmg of any part before 

sSc rectifiers are particularly ^ptable 
for automatic or semi-autonmtic opmation smee 
the control and protective devices required are rda- 
^ely simple. The degree of protection required 
depmds upon the service to wM the rec^^ k 

aSued; iS many cases this can be reduced to pro- 

I A^onsfor: deaLigashortcircmtorarcba^; g-e- 
venting operation with excessive pressur „„ 

i fault il the vacuum system; and gevgtmg ^^ 

. tion with excessive temperatures due to a fault m 
the cooling system. 
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Fig. 7—D-C Load Chart op Rectifibr at 
THB Cedar Manor Substation of the 
Long Island (N. Y.) Railroad When Op¬ 
erating With Only 2 Sections in Service 


The transformer connection used is influenced by 
the location where the rectifier is installed. The 
cost of a 12-phase transformer must be balanced 
against the additional cost of a harmonic filter to 
effect an equivalent wave with a 6-phase transformer, 
where wave form is important. Since both a-c and 
d-c systems are underground in the New York City 
^dependent Subway System, and the telephone 
interference problem thus eliminated, a 6-phase 
transformer is being supplied for that in.<jta.natiGn 
because of its greater simplicity. 

The rectifier being supplied for the New York 



Fig. 8 —^Rectifibr Section With Transformer Having a Cafac- 
mr of 667 Amp Continuouslv With the Usual Overload Capaci¬ 
ties: 34-rN. Tank 


City, Board of Transportation, shown in Fig. 1, is 
rated 3,000 kw at 625 volts. Specifications require 
that it be capable of carrying 4,800 amp continuously, 
7,200 amp for 2 hr, 9,600 ^p for 5 min, and 14,400 
amp for 1 min . This rectifier has demonstrated its 
ability to carry the specific loads, not only on the 
test floor, but also in actual service. Figure 6 shows 
the arc drop curve of this rectifier, which, of course, 


expresses the eflSciency of the rectifier when the I'ela- 
tively small losses of the auxiliaries are added. 

As mentioned previously, the design of the recti¬ 
fier described here was based on a conventional design 
with which a great deal of service experience was 
available. Three installations were made of this 
type of design on 3 types of typical railway systems, 
and in all 3 cases essentially perfect performance was 
secured during several rectifier-years operation. To 
date, only one backfire has occurred on these recti¬ 
fiers. After making the modifications discussed in 
this paper, in order to make this design suitable for 
sectional assembly, together with the improvements 
mentioned, a trial installation was made at the Cedar 
Manor substation of the Long Island (N. Y.) Rail¬ 
road Company, early in September 1932. Two of 
these latest sections, as shown in Figs. 2 and 3, were 
substituted for 2 of the original sections shown in 
Atherton’s paper {loc. cit.) and operation continued 
on the 2 new sections only. The remaining 2 
original sections were kept out of service and main¬ 
tained only as standby capacity. In this way by 
operating a station intended for a 3,000-kw rectifier 
on 1,500 kwof sectional rectifier capacity, a more 
severe test was obtained, and one more nearly in 
keeping with the rated capacity of the rectifier. 
Figure 7 shows a section of a daily load chart taken 
at this sintion. It may be seen that during the peak 
load period the base load averages more than the 
rated full load of 2,400 amp; upon this the usual 
short time railway peaks, up to 3 times rated load, 
are unpressed. Up to the date of the present writing, 
3 arc backs have occvured; in each case the rectifier 
was retinned to service immediately. In addition 
to the outages due to arc back several minor inter¬ 
ruptions have occurred due to auxiliary and control 


f 
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Fig, 9—^Arc Drop 

Curve op Rectifier § 

Shown in Fig. 8 ^ ® 
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app^atus, but these have been few and the overall 
r^ability has been equivalent to that required of 
elec^cal apparatus in general. Such weaknesses 
« hap been disclosed in the auxfliary apparatus 
have bem corrpted. The cooling water <»Mump- 
tion at this station has been extremely low. Because 
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of the low load factor of a railway system and the 
high operating temperature employed, a large part 
of the losses is dissipated to the room. 

Low Capacity Rectifiers 

For application on loads of less than 1,260 amp, 
smaller units have been designed and built following 
the same general design as that of the sectional recti¬ 
fier. A typical example is shown in Fig. 8. As 
would be expected from its smaller vsize, this unit 
has demonstrated that it will operate reliably over 
even a wider range of overloads than will the sec¬ 
tional units. It has a lower arc drop for the same 
percentage of normal load, as shown in Fig. 9. 

Acknowledgment 

It is obvious that a development of this sort is 
not the work of any individual, but the result of the 
cooperative effort of many people. However, the 
present status of the development would not have 
been possible without the guidance and inspiration 
received from A. L. Atherton and J. Slepian. 


Discussion 

K, E. Hellmund: Not only is tbe rectifier now the proper device 
for ordinary rectification in many cases where previously it could 
not compete with rotaries and motor-generator sets, but such 
applications as the regulation of induction motors with a rectifier 
in the secondary and many other possibilities previously suggested 


are coming closer to a practical and economical realization. In 
fact, with recent developments relating to the regulation and con¬ 
trol of mercury arc devices, it seems that they are destined to play a 
most important part in all applications where appreciable amounts 
of power are involved. At the same time, it seems that the field of 
application of many electronic devices which have come with the 
advent of radio developments and with regard to the future of which 
many exaggerated and overoptimistic claims have been made, may 
be limited to smaller amounts of power, certain control problems, 
and some special applications. The necessity of heated cathodes in 
these devices and the limited life are, after all, appreciable handicaps. 
On the other hand, it seems that the future of the pool-cathode mer¬ 
cury arc devices, the development of which was originated in con¬ 
nection with power applications, is becoming brighter every day as 
the basic factors entering into their design and operation are be¬ 
coming better understood. 

J. H. Cox: The mercury arc rectifier now is definitely a de¬ 
veloped piece of apparatus with reliability equal to or better than 
that of other commercial electrical apparatus; its efficiency has now 
been brought to a point where in many cases it is suitable for appli¬ 
cation on voltages as low as 230 volts; and its extreme simplicity in 
operation makes it admirably suited to automatic operation and per¬ 
mits a freedom of distribution of power supply not permitted with 
the rotary converter or motor generator. In this item the sectional 
tjrpe of construction has obvious advantages. In the electro¬ 
chemical field the greater ease with which it may be protected from 
all effects of corrosive fumes makes it particularly valuable. 

The advantages of the sectional rectifier have now been demon¬ 
strated. The space capacity presented is obvious, the efficiency is 
directly measurable, the reliability has been demonstrated in field 
service as well as laboratory tests.and the advantage of the standard¬ 
ized small section from a manufacturing point of view has been even 
greater than anticipated. 

Mr. R. E, Hellmund has mentioned the possibilities of the ex¬ 
tended application to control uses; the prospects in this firfd are 
very bright. 



G ommunication 


annual report of the committee on communication* 


S OME of the advances in electrical communication 
were described in detail in technical papers 
sponsored by the Institute’s committee on <»m- 
munication during the past year; others are outlined 
briefly in this report Since it is desirable to keep 
the report short, only a few of the outstanding ad¬ 
vances are mentioned. 

A new type of telegraph repeater recently has 
been put into use to facilitate repeating multiplex 
telegraph channels individually into other multiplex 
circuits, which has the advantage of not requiring 
the maintenance of synchronism between the multi¬ 
plex circuits concerned. An important application 
is a direct Montreal-London connection involving a 
Montreal-New York multiplex circuit and the 8- 
<fliannel New York-London loaded cable. A mtilti- 
plex telegraph channel concentration arrangement 
has been developed and installed in recent new tele¬ 
graph offices. Operating positions, concentrated 
in the operating room, are connected through a 
switchboard located in the operating room to multi¬ 
plex distributors grouped in the testing and regulat¬ 
ing department. Reassignments of operating posi¬ 
tions to meet changes in load readily are made, and 
important economies are effected in equipment, 
space, personnel, and other costs. There also has 
been developed a signal distortion indicating device 
for use in regulating and adjusting start-stop printer 
circuits without interrupting traffic. The device is 
of a stroboscopic nature and it indicates the effect of 
transmitter speed irregularities, relay bias, and other 
causes of signal distortion. 

Successftd experiments were carried out with a new 
method of superimposmg telegraphy on telephony 
on the Madrid-Buenos Aires radiotelephone link. 
By means of inverters and spreaders in the tele¬ 
phone channel, and by appropriate allocation of fre¬ 
quencies, telegraphy at 125 words per minute was 
possible at the same time as speech. 

Development of a new 18-diannel voice frequency 
carrier tdegraph system was completed and 3 of these 
systems have been installed m England. In this 
country trials of a 24-channel voice frequency system 
have shown that such a system is satisfactory from a 
technical standpoint. 

During the year the British Post Office introduced 
person-to-person written communication service. 
This was called “Telex” service and is furnished to a 
subscriber over his telephone loop; he may talk or 
tyi)ewrite over the same connection, although not 
simultaneously. 

In the United States an interesting development of 
tdetypewriter service associated with telephone 
lines is the application of these devices to the direct 
printing of weather maps over extensive telephone 
plant netw orks for use in connection with airplane 

*C01IiaTTI» os COMMVHIOATION: H. S. Osborae, chairman; E. J. 
O'Connell, secrdary; H. M. Bascom, W. H. Capen, A, A, Clokey, j. O'R. 
Coleman, C. F. Craig, R. D. Evans, W. L. Bveritt, I. C. Forshee, C. M. 
Jansky, Jr., T. Johnson, Jr,, G. M. Reenan, O. A. Rositzky, C. J, Larsen, J. R. 
MacGregor, John Mills, J, W. Milnor, C. W. MitcheU, P. H. Patton, F. H. 
Pumphrey, F. A. Raymond. H. A Shepard, E. R. Shute, A. L, Stadermann, 
C. H, Taylor, H. M. Turner, and F, A. Wolff. 


service. Outline maps are placed in the machines 
at airports connected to this system, and symbols 
transmitted from the U.S. Weather Bureau in Wash¬ 
ington are recorded simultaneously at all of the 
stations in the group covered by one section of the 
weather map. These s 3 mibols show all of the regular 
items of the weather map. 

To meet further demands for high-grade and 
economical circuits in cable, considerable develop¬ 
ment work has been carried out,- including an exten¬ 
sive experimental installation of telephone carrier 
appUed to a 25-mile loop of underground cable. A 
carrier system design has been achieved in which the 
difficulties due to enormously increased attenuation 
and increased tendency to crosstalk are surmounted. 
Sufficient work has been done to demonstrate that the 
system is entirely practicable. Carrier applied to 
cables offers important possibilities of economy, 
particularly for routes carrying heavy traffic. Tele¬ 
phone transmission improvement sdso is effected; 
this is particularly important for long circuits where, 
with present cable methods, transmission delays in¬ 
troduce difficulties. A paper on this subject was 
presented at the 1933 summer convention (see 
“Communication by Carrier in Cable” by A. B. 
Clark and B. W. Kendall, Electrical Engineering, 
V. 62, July 1933, p. 477-81). 

An interesting application of this method of cable 
transmission was made in recent espeiiments in btgh 
grade transmission of orchestra music. The new 
transmission system including pick-up arrangements, 
transmission lines, amplifiers, and loud speakers, 
represents a marked advance over systems pre¬ 
viously developed for the transmission of music, in 
the following respects: 

1. “Auditory perspective,” that is for example, the reproduced 
sounds of different instruments of an orchestra appear to come from 
different parts of the stage, corresponding to the actual relative 
location of these instruments at the transmitting point. 

2. Frequency spectrum covering practically the entire audible 
range, that is, from 35 to 16,000 cycles. 

3. An intensity range corresponding to short-time energy differ¬ 
ence between strong and weak passage of 10 million to one, making 
possible a volume of reproduced sound at least 10 time as gret as 
that produced by the c^estra itself. 

4. _ Increa^ control over the volume of sound at the recdving 
point and the relative loudness of various parts of the orchestra, 
making possible an enhancement of the musical effects over that 
produced by the orchestra itself. 

Public demonstration of this system was made in 
Washin^on on the evening of April 27, 1933, with 
the Philadelphia Syrmphony Or^estra playing in 
Philadelphia. Transmission over the long digtar^PA 
circuits was so ^cellent that there was no appreci¬ 
able diff^ence m the overall characteristics of the 
system with or without the long distance linAs , 

The Italy-Sardinia submarine cable, the longest 
submarine telephone cable in the world (approxi¬ 
mately 150 nautical miles) was completed and put 
in service. This continuously loaded cable, laid 
between Fiumicino, Italy, and Terra Nova, Sardinia, 
provides a single 2-way circuit on which are operated 
1 composited duj>lex telegraph channel and 1 tele- 
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phone channel; it is designed for the addition of a 
2-way carrier telegraph channel. Because of the 
long length and consequent high attenuation, special 
methods have to be used to achieve a high sing in g 
point in order to operate the circuit on a 2-wire 
basis. 

Multi-party toll service or toU conference service 
was made available throughout the United States 
to a large portion of the telephone stations. Con¬ 
nections affording 2-way communication among not 
more than 6 parties are furnished inunediately at the 
subscriber’s request. For some of the more distant 
connections and those involving more than 6 parties, 
the service is being given on appointment where 
practicable. 

A tdephone cable between Kansas City, Mo., and 
Dallas, Tex., was completed during 1932, thus con¬ 
necting Dallas and other Texas points into the toll 
cable network which now provides a storm-proof 
system covering most of the eastern half of the United 
States. Among other circuits this cable includ^ 
direct New York City-DaUas drctuts, 1,850 miles in 
length, which are the longest direct all-cable tele¬ 
phone circuits in the world. 

Micro-ray radiotelephone equipment is being 
built for the British Air Minist^ and will be erected 
at Lympne, Fngland. This will operate on a wave 
length of 15 cm in conjunction with similar equip¬ 
ment to be situated at St. Inglevert aerodrome, near 
Calais, France. This is the first commercial ap¬ 
plication of the micro-ray system. An interesting 
feature of this new service will be the use of tele¬ 
printers for transmitting and receiving messages. 

A new technique of grinding tourmaline crystals 
makes it possible to produce such aystals commer¬ 
cially for wave lengths as low as 5 m. 

Several new types of direction fin^ders for ships 
have been developed, one of which incorporates m 
automatic indicator showing the bearings of the 


station at any time. The new direction finders need 
no correction as the quadrantal error is eliminated 
permanently by suitable design of the loop and 
antenna systems. 

A considerable number of aircraft, formerly having 
only 1-way equipment for receiving beacon signals 
and weather reports, now have been equipped with 2- 
way radiotelephone equipment. E^^aiments on 
blind flying by means of directional radio signals have 
been continued with excellent results. By means of 
equipment on the aeroplane which indicates very 
accurately Uie landing runway and the altitude of 
the plane, it is now possible to land safely when the 
pilot is unable to see the ground. 

The use of high power vacuum tube amplifiers in 
sound recording has made possible the development 
of an improved vertically cut record. Less inherent 
distortion, greater volume range, and a playing time 
of 15 to 20 tniti on a 12-m. record are possible with the 
new process. By using a reproducing stylus of 
very light weight, the records last for several thou¬ 
sand playings witt no noticeable deterioration. 

Experiments with the use of highly accurate fre¬ 
quency standards in connection with the control of 
power system operations are being made. ^ The fre¬ 
quency standards, having their source in quartz 
crystal oscillators, are supplied to the control 
mechanism over telephone circuits. 

In its a-c electrified territory one of the railroads 
has installed a neutrahzing wire in its telephone <»n- 
duit system connected to the track and substations 
through impedance bonds, and an aerial tape ar¬ 
mored tdephone cable for the mitigation of induc¬ 
tive interference; the results are highly satisfac- 

In nearly all municipal fire alarm systems that have 
been remodeled during the past year, copper oxide 
rectifiers, supplied with alternating current at 110 
volts, have been used as sources of power. 


Electrical Machinery 


ANNUAL REPORT OF THE COMMITTEE ON ELECTRICAL MACHINERY’* 


D uring the current year the Institute’s com¬ 
mittee on electrical machinery has functioned, 
as previously, through 5 major subcommittees, 
namely: synchronous machines, induction ma<^ies, 
d-c machines, transformers, and merct^arc recM^s. 
These subcommittees have contmued their acriviries 
in following the preparation of standards, in reviewing 
devdJpmeiitoftlie art, ami m qtamina- 

man: ?. L. ^o^ton A* L Hardii, C. F. Harding, E. W. Henderson, 

L. V. mckemell, J. Alim Jotow, J J g g Mortemeii, R. W. 

A. M. a V. A. Rmd, O. B. Shirley, 

a «.d C. A. M. Weber. 


tion of papers offered for presentation at the stated 
conventions of the Institute. 

Noteworthy advance has been made by the com¬ 
mittee in recommendatiom for impulse testmg of 
transformers and in revision of low frequency di- 
dectric tests for transformers. A prelinmary re¬ 
port on a test code for synchronous machmes h^ 
been printed. Active progress is being m^e m 
the devdopment of methods and testing deviMS 
for determining load losses and input-output effi- 
dency of induction motors, as a prdimit^ to formu¬ 
lating a test code for induction niachines. A test 
code for d-c machines is in preparation. 
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Transactions A.I.E.B. 


Among the technical papers reviewed and ac¬ 
cepted by the committee during the year are many 
important contributions in the fields covered. A 
brief outline of notable advances and progress dur¬ 
ing 1932 in the field of electrical machinery follows: 

Synchronous Machines 

A considerable part of the work on synchronous 
machines during this past year has been the improve¬ 
ment of details of design and manufacture. Progress 
has been made in high voltage coil insulation and in 
the reduction of fixed and stray load losses of high 
speed machines. 

There has been no increase in the size of turbine 
driven alternators since the 1931 report. The 2 
200,000-kva 1,800-rpm machines (GE)^ in the 
Brooklyn Edison Company’s plant have operated 
for some time and heat rate tests made on both 
machines show results better than the guarantees. 
A 183,333-kva 165,000-kw 1,800-ipm single-element 
turbine alternator (W) is being built for the Phila¬ 
delphia Electric Company. This generator has 2 
stator windings and is cooled by external propeller 
type blowers. A 166,666-kva single-shaft turbine 
alternator (GE) has been delivered to the Chicago 
District Electric Generating Corporation. It also 
has 2 stator windings and is the largest machine 
shipped with the armature completely wound. 
The inside armature frame with the winding is ar¬ 
ranged so it may be assembled within an enclosing 
casing which also houses the 4 separately driven 
ventilating fans and the surface air coolers. 

Experience is being obtained with high voltage 
turbine generators. Eight imits from 3 different 
manufacturers had an equivalent of 22 turbine- 
generator-years of service up to January 1933. 
A more detailed tabulation is given in Table I. 

The maximum capacity of waterwheel driven 
generators has not been increased during the year, 
although preliminary designs for a generator in 
excess of the capacity of any generators previously 
built have been made in considerable detail. Me¬ 
chanical improvement in the line of simplification 
of bearing oiling system and other details has been 
made on the waterwheel generators. 

Developments in the field of s 3 mchronous motors 
include the first (GE) totally enclosed fan-cooled 
t 3 q)e, particularly designed for use in class I, group 
D explosive gas locations. The ventilating air en¬ 
ters at the ^ving end and passes over the inner 
shield, across the back of the stator punchings, and 
is discharged at the collector end. The collector 
rings are enclosed and excitation is provided by a 
motor-generator set. A number of synchronous 
motors were applied in municipal water pumping 
stations. The trend in these machines is toward 
high efficiencies and in on^ case, an 800-hp 900-rpm 
motor (W) had a guaranteed ^ciency of 97.6 per 
cent. It is believed that the first synchronous 

1 Manufacturer designation: 

AC—Allis-Chalmers Manufacturing Company 
BB—^American Brown Boveri Company 
EM—^Electric Machinery Manufacturing Company 
OB—General Electric Company 

W—Westinghouse Electric and Manufacturing Company 


Table I—High Voltage Turbine Generators 


Year 

Placed 

in 

Service 

Station 

Unit 

No. 

Capacity 

Kilowatts 

Voltage 

Mannfao 

turer 

1928. . . 

. .Powerton... 


. 52,600.. 

. .22,000. 

....GE 

1929... 

. .State Line... 

... 1 (3 generators).. 200.000.. 

..22,000. 

...GE 

1929... 

. .Powerton.. .. 

...2 . 

. 52,500.. 

..22,000. 

...GE 

1930... 

. .Powerton. ... 

...3 . 

. 106,000.. 

..22,000. 

...GE 

1931... 

. .Michigan City. .1 . 

. 68,000.. 

..22,000. 

... W 

1931... 

. .Waukegan. . 

...6 . 

. 116,000.. 

..18,000. 

...AC 


motors to drive power house draft fans were supplied 
to the Hawaiian Electric Company. These motors 
were a 2-speed motor rated 300 hp at 600 rpm, 
and 700 hp at 900 rpm (W) to drive an induced draft 
fan and a 200-hp motor at 1,200 rpm (W) for the 
forced draft fan. 

Part winding starting has found increasing use on 
synchronous motors where starting requirements 
are extremedy heavy, such as on flour mill line-shaft 
drive and cement mill tube-mill drive. A recent 
installation of 5 250-hp 277-rpm and 1 600-hp 
138-rpm synchronous motors (EM) for flour mill 
line drive, the first of its kind, utilizes 6 part-winding 
steps in lie motor to secure proper motor accelerat¬ 
ing characteristics. The part winding steps are 
arranged to provide starting torque in increments 
from 60 per cent normal torque to 175 per cent nor¬ 
mal torque. These torque steps are secured either 
manually or automatically to insure smooth starting 
without belt slippage. 

A 60-kva 1.0-power factor 4,800-cycle 3-phase 
generator (GE) represents an advance in the use of 
high frequency for industrial heating. Two 60-kva 
1.0-power factor 4,800-cycle single-phase generators 
(W) are now being built. 

The 2 30,000-kw frequency changers (GE) at the 
Richmond Station of the Philadelphia Electric 
Company are now supplying single-phase 25-cycle 
power to the main line electrification of the Pennsyl¬ 
vania Railroad between New York and Philadelpliia. 

Induction Machines 

The use of totally enclosed motors and especially 
the use of totally enclosed fan-cooled motors has 
increased considerably. An increasing demand is 
being experienced for splash or hose-proof motor 
construction. These machines are built suitable 
for outdoor installation, use in dairies, or where a 
hose is used in cleaning up the floors. A movement 
is underway to revise the definitions of the various 
t 3 q)es of endostures. 

The use of motor-reduction units has increased 
materially. This apparatus has been defined as 
follows: A motor-reduction unit is a motor -with an 
integral mechanical means of obtaining a speed 
differing from the speed of the motor. 

An outstanding devdopment in the fractional 
horsepower single-phase motors has been first, the 
devdopment of capadtor-start capacitor-run single¬ 
phase motors, employing usually a transformer and 
a paper condenser, and more recently, the devdop¬ 
ment of capadtor-start induction-run single-phase 
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Table li —Mercury Arc Rectifier Units Placed in Operation Durins 1932 or on Order December 31,1932 


Purchaser 

No. of 
Sets 

D-c 

Volts 

Kilowatts 
Per Set 

Total 

Kilowatts 

Type of 

Control 

Service 

Placed in 
Service 

Manufacturer 

X. G. Parbenindustric for Standard 
Oil Co. of I^outsiana. 

... 1... 

,.3,500.. 

....2,200.. 

... 2,200... 

. .Manual. 

. .Electrochemical. 

... 1932... 

.BB 

Long Island Railway Co. 

... 4... 

9,000 

...660., 

... 3,000.. 

..12,000... 

. .Automatic. 

.. .Railway. 

... 1932... 


N. Y. Board of Transportation. 

... 0... 

...626.. 

... 3.000.. 

..27,000... 

. .Automatic remote control .. 

.. .Subway. 

.. On order . 

.W 

N. Y. Board of Transportation. 

...13... 

...625.. 

... 3,000.. 

.. 39,000... 

. .Automatic remote control.. 

.. .Subway. 

.. .♦1932... 


N. y. Board of Transportation. 

...15... 

...625.. 

... 3,000.. 

.. 46,000.., 

. .Automatic remote control.. 

.. .Subway. 

...♦1932... 


N. y. Board of Transportation. 

...13,., 

...626.. 

... 3,000.. 

.. 3,900... 

. .Automatic remote control.. 

.. .Subway. 

...♦1932... 

.GE 

Philadelphia, City of. 

... 2... 

....630., 

... 3,160.. 

.. 6,300... 

,. .Manual. 

.. .Railway. 

... 1932... 

.AC 


Installed ready for service. 


Table III—Mercury Arc Rectifier Units: Comparison 
1931-1932 



1932 

1931 


No. of 

Kilo- 

No. of 

Kilo- 


Sets 

watts 

Sets 

watts 

Placed in service.. 

. 48... 

.143,600. 

.... 57,. 

. 127,845 

Being installed. 



.... 14.. 

. 41,200 

Gn Ofrier. . 

. 9.. 

. 27,000. 

.... 34.. 

. 102,300 

Grand total for year. 


. 170,500. 

....105.. 

. 271,846 

Total number units in service, Dec. 3l8t.*228.. 

. 448,879. 

....180.. 

. 305,379 


♦ Iiicttidcs 41 units installed and ready for service. 


Two bearings are used, mounted in cast magnesium 
brackets. Total weight of the machine is 549 lb. 

A gas electric “crawler” type track welder (W) 
has been completed. This machine is designed with 
low head room to move along the shoulder of the 
road bed, so as to dear the rolling stodc and furnish 
power for building up worn rail ends by arc wdding, 
and in addition, to furnish power for a grinder and 
nut tightener. A series motor taking power from 
the welding generator is used to move the wdder 
along the track. 

Transformers 


motors, employing a low voltage condenser of 
relatively large capacity for starting purposes only. 
The low voltage capadtor-start single-phase motor 
is finding its first application in the household re¬ 
frigerator field. 

The greatly increased activity in the air condi¬ 
tioning fidd has resulted in motors being devdoped 
to operate fans, blowers, and water agitators, which 
are quiet and have long life of bea^gs. 

Dual motors, alternating and direct current on 
one shaft, have been developed to meet the require¬ 
ment of refrigerating trucks and railroad cars and 
air conditioning passenger cars. The d-c motor k 
used to drive the refrigerating machine when the 
truck or car is in motion, the current being supphed 
from the d-c generator on the truck or car, and the 
induction motor is used when the truck or car is 
standing, the motor being connected to the a-c 
city distribution system. 


D-C Machines 

The largest 350-rpm d-c motors so far constructed 
are reported for the current year. Six 3,600-hp 
175/350-rpm d-c motors (AC) w^e placed m service 
on 6 finishing stands of a 76-in. c<mtmuous-stnp 
mill, power being sup^ied 

motor-generator sets. Three 3,500-hp 175/350-ipm 
d-c motors (GE) were placed in service on the ^sh¬ 
ine stands of a 72-in. continuous hot-stnp mU for 
the Otis Steel Company, power being supphed by 
2 4,000-kw 3-unit motor-generator sets. ^ 

A light weight d-c generator (W) has be^ 
nletedr It consists of 3 units, one rated 8-kw 115- 
?Sts and 2 rated 2.5-kw 3.000-volts at 2,200 rpm. 


The activity of the transformer subcommittee in 
developing standards for the commercial impulse 
tPQting of power transformers has borne fruit in an 
agre^nent upon a tentative test code.^ This test 
procedure, including a program of applied impulse 
tests rnadp with the transformer excited, was pre¬ 
sented at the Institute’s 1933 winter convention in 
a paper by Messrs. Vogel and Mon1;singer. Mean¬ 
while the ranks of the manufacturers prepared to 
tnalfp commercial surge tests have been augmented 
by the installation by Ahis-Chalmers of a high 
capacity surge generator capable of delivering 
2,000,000 volts, with complete cathode ray and 
pontentiometer equipments and arrangements for 
synchronizing the impulse with the peak of a nom^ 
frequency alternating volt^e wave. Commerrial 
surge tests have been applied to transformers with 
such ratings as 20,000 kva, 132 kv (GE); 2,000 
kva, 69 kv (GE); 4,500 kva, 132 kv, 25 cycles 
(GE); 20,000 kva, 230 kv (W); 20,000 kva, 132 kv, 
25 cycles (W); 10,000 kva, 132 kv (W); 4,500 kva, 
132 kv, 25 cycles (W); and 20,000 kva, 115 kv, 
3-phase autotransformers (W). 

Four of the largest 230-kv smgle-phase trans¬ 
formers yet constructed have been built (GE) with 
ratings of 45,000 kva self-cooled and 60,000 kva 
with air blast. With a total weight of 393,000 lb, 
it W8LS ii 6 C 6 SS 9 xy. to ship them m nitrogen in specisl 

low slung tank cars. ^ i 

Transformers have been supplied (AC) with a low 
pressure system for automatically maintaitung 
gas protection without chemicals or moving mechani¬ 
cal parts. The system involves an oil seal m an 
pansion tank which isolates the inert gas froni the 
atmosphere and permits considerable change m ml 
level in the tnfl.in tank with slight change of pressure. 
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In the field of load ratio control, a new type UT 
tap changer (W), smaller and less expensive than its 
predecessors, applicable to small transformers and 
capable of operation under short circuit, has been 
actively supplied. A quick operating automatic 
tap changer (AC) has been developed for large 
distribution and small power transformers up to 
15 kv. Two 40,000-kva 3-phase regulating trans¬ 
formers (W), simultaneously controlling regulation 
of phase angle and voltage, were installed in New 
York. A self-contained automatic step voltage regu¬ 
lator (GE) is available for 3-phase rural circuits of 
50 amp at 4,800 to 13,800 volts. 

Self-contained surge-proof distribution trans¬ 
formers employing de-ion gaps (W) have been 
extended to the 4,800 and 6,900 volt classes. The 
line of self-protecting stud-type-bushing distribution 
transformers (AC) has been supplemented with pro¬ 
visions for mounting surge diverters either internally 
or externally. 

Pyranol (GE) and inertol (W) non-inflammable 


non-explosive mediums, developed to replace mineral 
oil where other methods of preventing fires are not 
practicable, have been developed and applied to 
low-voltage network transformers. 

Mercury Arc Rectifiers ’ 

Tables II and III give general data on mercury 
arc rectifier activities during the year. Nine of the 
3,000-kw 625-volt sectional rectifiers (W) men¬ 
tioned in last year’s report were ordered by the 
New York Board of Transportation. 

An innovation in the rectifier field was the equip¬ 
ment of a standard 3,125-kw 625-volt railway recti¬ 
fier with automatic grid voltage control (AC). A 
constant d-c voltage is held independent of load and 
supply voltage variations. 

Ten of the New York Board of Transportation 
3,000-kw rectifiers (GE) were placed in service, 
supplying power for the operation of the 8th Avenue 
Subway, New York. 


Electrochemistry and Electrometallurgy 

ANNUAL REPORT OF THE COMMITTEE ON ELECTROCHEMISTRY 

AND ELECTROMETALLURGY* 


W HILE the engineering and research activities 
of many organizations have been curtailed 
considerably during the past year, several 
developments have been brought forward which are 
worthy of record. Those whidh have been brought 
to the attention of committee on electrochemistry 
and electrometallurgy are mentioned briefly here. 

High Temperature Steel Treating Furnaces 

Development work is being carried out actively to 
meet the increasing demand for industrial furnaces in 
steel treating work where temperatures of 2,000 to 
2,500 deg F are required. Inductive methods of 
heating in some cases work out very satisfactorily; 
in other cases, resistance heating, either by direct 
conduction or by radiation, will meet the require¬ 
ments better. There is a definite field for the electric 
furnace in this temperature zone, and progress is be¬ 
ing made in filling it satisfactorily. 

Electric Furnace Irons 

The term “electric steel” has denoted for a long 
time superior steels made in the electric furnace. 


•COBIMITTEX ON ELECTROCHEMISTRY AND BLEOTROMXTAL- 

LUROT: W. C. Kalb, chairman; Herbert Speight, vice-chairman; J. C. Hale, 
secretary; Lawrence Addicks, P. H. Brace, L. W, Chubb, P. O. Clark, S. K, Colby, 
G. W. Blmen, W, B. Holland, F. A. Lidbury, R. G. Mansfield, K. L. Scott] 
N. R. Stansel, Magnus Unger, H. B. Vidal, G. W. Vinal, J. B. Whitehead] 
J. L. Woodbridge, and C. D. Woodward. 


The comparatively new term “electric furnace iron” 
denotes superior grades of cast irons which are the 
products of the dectric furnace. The main featme 
in the production of these irons is the heat treatment 
of the molten metal at temperatures beyond the 
range of the cupola. These new irons are marked by 
high tensile strength and uniformity. The growing 
demand for these products of the electric furnace is 
enlarging materially the fidd of dectric heat for 
producing molten metal. 

Lithium 

The production of lithium now has been estab¬ 
lished on a commercial basis in this country. This 
metal is being used as a hardener for aluminum and 
lead alloys. It is being used also as a superscav- 
anger in ferrous and non-ferrous metal production, 
and in the degasification of copper. The latter 
application is of special importance to dectrical en¬ 
gineers in connection with the manufacture of high 
conductivity copper. 

Process Regulation 

Manual control of hydrogen ion concentration in 
flotation, electrolytic reduction, and refining plants 
is expensive, slow, and inaccurate. Two schemes 
have been worked out for the automatic regulation or 
control of hydrogen ion concentration which employ 
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photoelectric tubes in such a mann er as to avoid 
errors caused by line voltage variation, temperature 
variation, or changes in tube characteristics with age. 
Both of these schemes supply an adjustable inopera¬ 
tive time during which a correction is allowed to 
take effect before the regulator is permitted to at¬ 
tempt a second correction. This equipment should 
find application not only in the control of hydrogen 
ion concentration but in control of color or opacity of 
a solution which is affected by a single varying chemi¬ 
cal. 

Accurate control of high temperature has been 
made possible by the development of a high tem¬ 
perature indicator and regulator employing the elec¬ 
trical conducting characteristics of certain refractory 
materials at high temperatures. The refractory ma¬ 
terial receives radiant energy direct from 'the 
material whose temperature is to be regulated, and 
thus the resistance of the refractory material is pro¬ 
portional to the temperature. The material is 
placed in a bridge circuit which is balanced for the 
desired temperature or resist^ce of the refractory 
material. Any deviation from this temperature, 
of course, unbalances the bridge circuit and the 
unbalanced current is amplified and used to control 
the power input to the furnace in order to bring the 
temperature back to the desired value. 

Operating power costs have been decreased by the 
application of power regulators to improve the load 
factor of a plant. In electrol 3 dic plants it has 
proved practicable to raise the load factor to 100 
per cent thus obtaining a minimum power cost for 
producing a given amount of product, since the total 
kilowatthours are regulated to equal the past average 
kilowatthours. 

Electrolytic cell efficiencies have been increased by 
the application of constant current regulators, main¬ 
taining tire cell circuit at the optimum value of cur¬ 
rent considering both efficiency and production re¬ 
quirements. 


Electrical Precipitation 

In addition to those fields of application where 
electrical precipitation processes have been used in 
the past, these processes have recently been adapted 
to problems of gas cleaning in iron blast furnace and 
paper mill operations. 

Progress has been made in the development of hot 
cathode vacuum tubes for high voltage rectification 
for electrical precipitation. Voltages up to 100 kv 
have been successfully rectified, though this is in 
excess of the normal requirements for precipitation, 
which does not exceed 75 kv. The field for Wgh volt¬ 
age rectification is not confined to electrical precipita¬ 
tion, for X ray applications, cable testing, and 
electrostatic separation schemes all require such a 
supply. 

Electrolytic Hydrogen 

During 1932 a 6,600-kw 650-volt mercury arc 
rectifier was put mto service for producing hydrogen 
by dectrolysis. This rectifier consists of 2 3,250-kw 
tanks operating from one transformer. A primary 
regulating transformer provides, a range in the d-c 
voltage from 600 to 670 volts. This equipment is 
used in a new atmospheric nitrogen fertilizer plant, 
and has been in successful operation for about a year. 

Electricity in Chemical Processes 

Application of electricity to chemical processes was 
reviewed by Dr. Colin G. Fink in an address which 
proved to be the salient feature of the session spon¬ 
sored by this committee at the 1933 winter conven¬ 
tion. In this address Doctor Fink presented mu<± 
valuable data relative to the use of electrical power in 
chemical and metallur^cal industries. The ad¬ 
dress having been published in the March, 1933, 
issue of Electrical Engineerdjg (p. 151-4) no 
repetition of the data is included in this report. 


General Power Applications 

ANNUAL REPORT OF THE COMMITTEE ON GENERAL POWER APPLICATIONS* 


A lthough industrial activity as a whole was 
at a low ebb during 1932, a considerable amount 
of development and rehabilitation work was 
carried on by certain industries. Industries are 
broadly classified as those producing capital goods 
and those producing consumption goods. Durmg 
a depression there is little demand for new construc¬ 
tion and capital goods but the demand for consump¬ 
tion goods remains fairly constant. There will 


•OOMtanTTBB OK OEKBRAI. POWBE APPL10AXIOH8! C W. Dr^, 
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Rogers, L. D. Rowell, L. M. Shadgett, W. K. Vanderpoel, and M. R. Woodward. 


probably be little demand in the near futme for the 
expansion of plant capacity but it is evident that 
many existing plants must be remodeled and brought 
up to date if they expect to meet competitive condi¬ 
tions. Of the companies manufactv^g consuinp- 
t ioTi goods many have already appredated ^at with 
the narrowing margin of profit their position and 
success depends very largdy on the continuous 
reduction of their manufacturing costs and improve¬ 
ment in their product. The trend of the times is 
consequently toward increased economy of produc¬ 
tion and improved process control resulting in a 
better product at a lower cost and it is along these 
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lines that the industrial engineers are working at 
the present time. It was consequently the opinion 
of the Institute's committee on general power appli¬ 
cations that papers requested or sponsored by it 
should as far as possible present material which 
would be helpful and of value along the above lines. 

The committee sponsored a session at the 1932 
winter convention of the Institute at which 3 engi¬ 
neering papers were presented together with an 
introductory address by Crosby Field (A’14, F’22) 
entitled "Economic Conditions and the Engineer." 
The latter was published in full in the March 1933 
issue of Electrical Engineering, p. 149-51, 
and presents some very interesting and instructive 
comments on our present economic situation. The 
technical papers presented at the convention were as 
follows: 

Vamablb Voltage Oil Well Drillino Equipment, by A. H. 
Albrecht 

RBCB^^r Developments in Electronic Devices for Industrial 
Control, by F. H. Gulliksea 

Circuit Breaker Protection for Industrial Circuits, by H. J. 
Lmgal and O. S. Jennings 

Instead of attempting to abstract information 
regarding the numerous developments in industrial 
apparatus or regarding industrial applications the 
committee feels that members interested in such 
equipment can readily obtain such information di¬ 
rectly and more completely from the various periodi¬ 
cals, but the committee does desire at this time to 
indicate the trend or nature of some of these more 
important developments. 

Gear Motors 

During the last year there have been placed on the 
market a large variety of makes and designs of gear 
motors and these are. being extensively used in 
industries on account of the saving in space effected, 
their higher efficiency, and reduced maintenance as 
compared with open gear or belt drives. 

Electronic Control 

Although the possibilities of electronic control in 
various industriai applications have been appreciated 
for sorde time there was a marked increase during the 
last year in the available equipment such as various 
assemblies of photoelectric relays and specM devices. 


The paper presented at the winter session indicates 
some of the advantages and possibilities for such 
equipment in industrial service. Besides the speed 
and accuracy of electronic equipment together with 
the freedom from mechanical friction and mainte¬ 
nance, numerous applications have been found where 
existing types of equipment could not be used and 
solutions are possible only by means of this newer 
class of apparatus. 

Air Conditioning 

A large amount of en^eering attention is being 
devoted to the possibilities of air conditioning, 
especially in connection with households, offices, 
and transportation equipment, and in some c^s 
such air conditioning equipment is being combined 
with equipment and more especially with the 

oil burning automatic type. 

Motor Protection 

Although fan cooled and explosion resisting motors 
have been previously mentioned, the advantages of 
such equipment are being more widely appreciated 
j:^T id many such motors are being installed in the 
open without protection from the weather wher^s 
previously special housing and protective equip- 
nient was necessary. One of the most recent de¬ 
velopments in connection with motor protective 
devices is a thermostat which is mounted on the 
motor so that when the temperature reaches an 
excessive value either a signal is given or the motor 
is shut down depending on how the thermostat is 
connected. This motor thermostat supplements 
the standard thermal relay protection and the 
combination of the 2 devices protects against all 
forms of motor overload. 

In conclusion it is desired to emphasize the fact 
that few of the developments in industry are large 
or spectacular but it is the steady introduction and 
application of these new ideas and developments 
which keep an industry up to date. The fact 
that many plants have not pursued this policy 
accounts for the large amount of obsolete equip¬ 
ment in industry at the present time and the large 
expenditures which it has been estimated are re¬ 
quired for rehabilitation in order to modernize the 
various industrial plants so that they can manu¬ 
facture on an economical basis. 



Instruments and Measurements 

\iNNl AL REPORT OF COMMITTEE ON INSTRUMENTS AND MEASUREMENTS* 


D uring the year 1932 - 33 , tlieA.I.E.E. com¬ 
mittee on instruments and measurements con¬ 
sisted of 23 active members, (see footnote) 
represenlin|? various phases of the electrical industry 
interested in electrical mcasui'ements. The active 
wcirk t>f the committee was taken care of through 7 
subcommittees organized as follows: instrument 
transformers, indicating instruments, telemetering, 
high frecptency and sound measurements, tempera¬ 
ture measurements, definitions of instniments and 
testing, and measurement of transformer exciting 
current. Activities of these subcommittees are sum¬ 
marized in the first portion of this report. 

Instkumbnt Transformers 

The subcommittee on instrument transformers was 
engaged in completing the revision of the Standards 
for Instrument Transformers. The report made at 
the October meeting of the committee was accepted 
and the standard circulated to the members for letter 
ballot. The result of this ballot indicated that al¬ 
most all the members were ready to approve the 
revision with certain minor changes. These are 
being made, and the revision will be submitted to 
the A.I.E.E. .standards committee for accept¬ 
ance. 

This standard has entailed considerable work on 
the part of the subcommittee, and led to rather wide 
discussion of suggested changes in the definition^ of 
"phase angle for instrument transformers,” which 
later was taken up by the standards committee. 

Indicating Instruments 

The Indicatmg Instrument Standards No. 33 has 
been under consideration for revision by this sub¬ 
committee. The work was advanced to the stage 
where a draft was circulated to tlie membership of the 
main committee for comment. Based upon the 
replies, an approved draft now is being prepared and 
will be ready at an early date for submission to the 
.standards committee. . , 

Recently the American Standards Association ap¬ 
pointed a sectional committee to consider the adop¬ 
tion of the Institute .standards as an Americ^ stand¬ 
ard. It is expected that the revised issue will be the 
basis for discussion by this sectional committee on 
which the instruments and measurements committee 
has 3 representatives. 


new developments in its field. At the summer con¬ 
vention in 1932, it submitted, in codperation with the 
automatic stations committee, “A Report on Tele¬ 
metering, Supervisory Control, and Associated Com¬ 
munication Circuits” (see Electrical Engineering, 
V. 51, September 1932, p. 613-20). This report is a 
comprehensive survey of available systems, and 
will serve as a standard of reference for several 
years. 

High Frequency and Sound Measurements 

The subcommittee on high frequency and sound 
measurements is working with a committee ap¬ 
pointed by the Standards Committee to draft defini¬ 
tions and standards for sound mea^ements. 
Through the efforts of this subcommittee, an in¬ 
formal session on sound measurements was held 
during the 1933 winter convention, and at the sum¬ 
mer convention a paper on that subject was pre¬ 
sented representing the progress in that field to date. 
Activities in the field of high frequency measurement 
were outlined by this subcommittee, but, because of 
present conditions, completion of several intended 
studies was delayed. This work had to do with 
measurements of resistance, voltage, and current. 

Temperature Measurements 

Work planned by this subcommittee included the 
preparation of a standard code for temperature 
measurements. Considerable data have ‘been col¬ 
lected, but will require additional study before the 
preparation of a tentative draft. It is expected, 
however, that during the coming year this work will 
be completed and made available for the Insti¬ 
tute. 

Definitions of Instruments and Testing 

As reported last year, the work of this subcom¬ 
mittee was completed and these defimtions ^b- 
mitted to the working committee. Since that time, 
the definitions have been published. It has been 
recommended recently that several terms iMt have 
not been defined in these definitions be included; 
these definitions are to be presented to the working 
committee for their consideration. 

Measurement of Transformer 
Exciting Current 


Telemetering 


The subcommittee on telemetering during ^e 
past year has devoted its work primarily to following 


♦COMMITTI* OHIH8TR1IM1IHT8 AMD MBA8TOBMBNT8: E. J. Rato. 
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The transformer subcommittee of the electrical 
machinery coinmittee transmitted to the instru m e n ts 
and measurements committee a request to prepare 
suitable methods for meastumg exciting current of 
transformers when excited with other than pure sine 
waves. The subcommittee on measurement of 
transformpr exciting current undertook this work 
and reported a suitable procedure at the Apru 
meeting; this was adopted and has been forwarded 
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to the transformer subcommittee for their use. 
The report includes a recommended method, but 
also discusses other methods available and their 
limitations. 

Review of A.S.M.E. Code 

In addition to the foregoing work, the instruments 
and measurements conimittee reviewed a test code 
prepared by the American Society of Mechanical 
Engineers dealing with electrical instruments. This 
work was speedily completed and approval given m 
that A.S.M.E. could undertake publication of this 
material, which already was in final proof form. It 
was brought to the attention of the standards com¬ 
mittee that it would be desirable to arrange to have 
the A.S.M.E. refer to A.I.E.E. standards and codes 
for such information rather than prepare their own 
publications in this field. It is understood that this 
suggestion has received favorable consideration. 


Future Work 

In addition to the present activities, a suggestion 
was made that the instruments and ineasurements 
committee undertake the study of methods for 
surge voltage measurements. Tlds suggestion is an 
outcome of papers presented under the au^ices of 
the committee at the 1933 winter convention, and 
the ensuing discussion. 

Considering conditions that exist, the work of the 
instruments and measurements committee has shown 
hardly any curtailment. It is felt that such activity 
is a result of the efforts of the vice-chairman, the 
secretary and the chairmen of the subcommittees 
who have carried on their work so that several 
important projects have be^ completed. There is 
no doubt that the present membership of this com¬ 
mittee is an active one and of sufficiently broad 
connections so as to be productive of further good 
work in the future. 


Iron and Steel Production 

ANNUAL REPORT OF THE COMMITTEE ON IRON AND STEEL PRODUCTION* 


I N NO YEAR since electrification gained a foot¬ 
hold in the industry, has there been so little 
activity in main roll drive equipment. When 
the industry is operating at 15 per cent of capacity 
there is nO justification for the comparatively large 
expenditures involved in the installation of new 
mflds. However, periods like the present empha¬ 
size the need for reducing costs wherever possible; 
in many instances expenditures for modernizing 
auxiliaries have been more than justified even at 
present production, for the resultant saving. 

The main roll drives installed during '^e year 
consist of: a 3,000-hp 6,600-volt 60-cycle motor 
driving a sheet bar nuDfl; a 500-hp 2,200-volt 60- 
cycle motor driving a 10 hi. merchant mill; a 1,000- 
hp a 600-hp and 2,400-hp d-c motors driving cold 
roll nulls and 1,200-hp and 600-hp motors on cold 
roE strip mills. 

The sheet and tin section of the industry seems 
to be going through a violent awakening, and has 
shown mu^ activity, evidenced by the installation 
of automatic furnace and catcher equipments, cold 
strip mills, continuous gaging equipment, automatic 
length measuring apparatus, bright annealing fur¬ 
naces and so fot^. 

A considerable number of automatic catcher equip¬ 
ments for sheet mills have been mstalled. Due to 
the extremely rapid operating cycle on these devices, 
requiring the dnving motors to reverse up to a 
maximum of 40 times per minute, it has been neces- 
*coMMrrTEB oir appucazioits to nion Aim steel produc- 
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sary to develop special motors and control equip¬ 
ments. The majority of these equipments have 
employed fan cooled squirrel cage a-c motors, but 
for some mills adjusta.ble speed, d-c motors have 
been used. 

While automatic catcher equipment for 2-high 
mills was first introduced a year or 2 ago, auto¬ 
matic and manually controUed equipment was 
developed this year for the 3-high sheet mills. 

In this field the photoelectric tube has been ap¬ 
plied in some cases as a limit switch to control the 
automatic operation of the catcher equipment. It 
has also been used in connection with a pack meas¬ 
uring device consisting of a Selsyn generator geared 
to lie mill and a Sdsyn receiver connected to a 
pointer revolvmg about a dial to give automatically, 
a fairly exact indication of the length of a sheet after 
each pass. This indication permits faster rolUng, 
increases of from 6 to 10 per cent having been re¬ 
ported where adequate heating capacity is available. 
It also reduces the scrap percentage because it indi¬ 
cates to the roller after each pass, what elongation 
has been effected during that pass and finally indi¬ 
cates on the last pass, whether or not the pack is 
long or short. 

Catcher motor and control equipment is under¬ 
going continual improvement. Motors can be sup¬ 
plied taped for several combinations of winding 
producing various values of torque and rates of 
acceleration and deceleration. When rolling loose 
packs it is necessary to artificially slow up the rates 
of acceleration and deceleration of the fbain con¬ 
veyor motors and this can be accomplished either 
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by the above mentioned method of changing the 
motor winding, through a semipermanent 3-phase 
resistor in the motor circuit or by a saturable reactor 
in the common circuit of the 2 chain conveyor motors. 
Each phase of this reactor will have an a-c and d-c 
winding and the reactor is designed to develop a 
high value of reactance when the d-c circuit is 
open. When either the forward or reverse contac¬ 
tors close, d-c excitation is applied to the reactor. 
The effective reactance of the reactor then decreases 
as the direct current buUds up in the excitation 
winding. By varying the strength of this current 
with an adjustable rheostat, the time of reversal 
can be readily adjusted from 3 to 10 cycles to allow 
the maximum speed of reversal without slippage; 
that is, if a motor ordinarily reverses in 10 cydes 
this device permits increasing the time from 13 to 20 
sec. The chief advantage of the reactor method 
over the resistor method is that the slow down is 
readily adjustable. 

Automatic tension reels have been applied in wire 
plants where a squirrel cage motor was designed to 
operate beyond the peak in the torque curve; that 
is, as the slip increases the torque from the motor 
decreases. When the red is approaching its filled 
point, the torque delivered from the motor shaft is 
less at the speed required than when the reel is 
partially filled. This condition exists because the 
windage and friction at the higher sp^d plus the 
torque necessary to give the proper tension, requhes 
a higher torque from the motor than that required 
to Tn aintai n approxhnatdy the same tension at the 
lower speed, with the increased lever arm. 

The measurement and control of temperatiure dur¬ 
ing rolling operations, espedaUy with alloy steds is 
an important factor in the gage or finish of ma¬ 
terial. The photodectric tube pjnromet^ utilizes 
the radiation from the hot metal as indications of 
temperatures above 1,500 deg F. Relay devices 
can be actuated to perform whatever service is re¬ 
quired. 

Gear motors, consisting of standard a-c or d-c 
motors with built-in gear systems have been de- 
vdoped for light runout tables and similar appli¬ 
cations. Thrusters, a device for producmg straight 
line motion, continue to find new applications. 

“Bell” type electric furnaces have been developed 
for bright annealing wire and strip of either copper, 
copper alloys, or steel. Continuous type furnaces 
for g^milar purposes have been built for material 
that represents bulk rather than wdght. Atmos¬ 
pheres in either type are of a protective nature to 
prevent oxidation of the material being heated. 

Development continues in the use of high fre¬ 


quency current, on the order of 1,000 cycles, for in- 
ductivdy heating materials for annealing, normaliz¬ 
ing, or forging. The probabilities are that this 
method will gain in favor in the future, as the 
advantages in this t 5 pe of heat treating and anneal¬ 
ing are exploited. 

A great • number of devices and devdopments 
common to all industry are being used to advantage 
in the sted industry. Among them are control 
using gas or mercury vapor hot cathode dectronic 
tubes for resistance welding of the intermittent 
t 3 pe; de-ion grids for oil circuit breakers and 
ordinary safety switches; de-ion air circuit breakers 
rated as high as 1,200 amp., 7,500 volt, for main roll 
drives; X ray equipment for radiographic examina¬ 
tion of thick sections of metal and numerous others 
of Ifice importance. 

Coated wdding dectrodes, which are now avail¬ 
able in both rod and coiled form, for general as well 
as certain specific applications, have been improved 
to secure penetration with a lower current, thus 
avoiding the “spattering” known as undercutting. 

While there has not been a great amoimt of 
progress in the exchange of power between sted 
plants and central stations, the margin between the 
costs of power generated from the by-product heat 
from the basic operations of sted inalnng, and power 
generation by central station steam and hydrodec- 
tric facilities, has steadily narrowed. The prob¬ 
abilities for the future are toward the use of all 
possible available by-product heat in steel heating and 
treating operations and the purchase of power, 
rather than the generation of power from the by¬ 
product gases, and the purchase of auxihary fuds 
for heating and treating operations. 
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AJNNUAL REPORT OF THE COMMITTEE ON POWER GENERATION* 

F ollowing the intention announced in last production and distribution of 25- and 60-cycle 
year’s report, the A.I.E.E. committee on power energy is discussed in a paper®^ presented at the 
gmeration* continued to promote .the dis- 1933 summer convention, 
cussion of matters in the field of electric power The salient features and the economics of high 
generation from a retrospective and generally ana- pressure and high temperature steam-electric power 
lylical viewpoint, for lie particxilar purpose of plants were anSyzed in a paper®® presented at the 
weighing recent tendencies in design to the end that 1933 winter convention. In the discussion mention 
profitable avenues of progress may be revealed and was made of the modern method of fabricating pres- 
utilized when capital investment again is resumed sure vessels by means of the electric arc. 
on a hitherto normal scale in the construction of Although the volume of generating plant construc- 
power-generating facilities. The committee does tion is small in the plants that have been designed 
not believe that the present lull in construction ac- recently, contemporary ideas as to economy in in- 
tivities should result in a stagnation of the directive vestment and operation are developed to an extent 
thought that will be responsible for the design of that is probably in advance of an 3 rthing hitherto 
power stations in the future, nor in the entire ^ver- attempted. Progress in the use of large boilers and 
sion of such ability to the problems of minor improve- turbines operating at 1,300 lb per sq in. and 850 
ments and operation under reduced output, com- deg F with a ratio of one boiler per turbine is ex- 
mendable and necessary as such duties may be. empHfied by the Port Washington plant of the Mil- 
It is glad to report a very real interest among re- waukee (Wis.) Electric Railway and Light Company, 
sponsible engineers in the consideration of the The design of this plant is described in a paper®® 
major principles governing the economic generation presented at the 1933 A.I.E.E. summer convention, 
of power, and to note lliat fundamental thought Another paper^® presented at the same convention 
and work are being actively continued. discusses the rehabilitation of a low pressure steam 

The committee calls attention in this report to power plant on a large system, which had been prac- 
4 papers® presented at the 1932 A.I.E.E. summer tically retired except for peak service. This re¬ 
convention, Cleveland, Ohio, that discuss current habilitation was accomplished by installing a tur- 
practices in the operation of power systems which bine to operate with throttle steam at 655 lb per sq 
include several generating plants. The success in “i- 850 deg F, and to exhaust at pressures up to 

the operating intercormection among a group of 220 lb per sq in. into the mains that supply the low 
plants to supply a load area has been one of the pressure turbines. The compounding of the new 
notable achievements in the last decade in the field turbine upon the old station has made an almost ob- 
of power generation. These 4 papers summarize solete plant the most efficient on the system, 
present ideas about the most effective methods of A subcommittee under chairmanship of F. H. 
operating such systems to obtain maximum reliability Holster h^ in preparation a symposium on the 
in service and minimum operating cost. They also subject “Switching Energy at Modem High-Capacity 
indicate a reduction in operating expenses on repre- Generating Plants,’’ which is contemplated for 
sentative powdr-generating systems in the immediate presentation at the 1934 A.I.E.E. winter convention, 
past, and give assurance that the improvement in Experience during the more recent years where par- 
operating economy has not been at the expense of ticular gen^ator, bus, and switching arrangements 
unjustified carrying charges. are used, will be analyzed, the limitations discussed, 

A group of 4 papers®*'®®'®’^'®® on hydroelectric power probable trends noted, 

generation (presented at the Baltimore, Md., district committee recommends also that the subject 

meeting, in October 1932) included: a comprehensive regenerative hydroelectric plants presents oppor- 
survey of the economics of water power develop- bmity the assembly of valuable experience de¬ 
ments; analyzed the possibilities of the regenerative ^ European plants. The use of this t 3 q)e of 

type hydroelectric plant; discussed the develop- plant has been more extensive in Emope than in this 
ment of the latest design of water turbine; and de- co^^^try. some engmeers believe that the future 
scribed a recently constmcted plant of large magni- witoess an increasing number of such plants in 
tude that contains the most powerful FTaplgn tur- United States. 

bines yet built and the largest in physical dimensions custom of the committee has been to prepare 

so far installed on this continent. A notable hydro- ® detailed progress report and bibliography in its 
electric plant on the St. Lawrence River of unusual biennial interva.ls; the remainder of this re¬ 
magnitude' and incorporating novel features for the therefore summarizes matters of interest that 

-- have developed or culminated in the past 2 years. 

’•'COMMITTBB ON POWER GENERATION: tJ. R* Baker, chairman; F. A. 

AUner, tF- A. Annett, fA. E. Bauhan, tJ. B. Crane, E. W. Dillard, J. H. Fetry 
N B. Funk, W. S. Gorsuch, F. c:Hanker, J. P. Hogan, F. H. Hollister, A, H.Hull! 

fD. C. Jackson, fA. V. Karpov, fH, W. Leitch, A. H. Lovell, fl, E. Moultroo, I \/ I / n ^ 

J. M. Oliver, fA. L. Penniman, Jr., G G. Post, R. C. Povrell, fF. A.Scheffler, |— ‘VOIUIUC OI rOWCr OCheratlOll 
F. O. Schnure, R. E. B. Sharp, A. E. Silver, fA. R. Smith, E. C. Stone, tC. A. 

Powel (alternate for F. C. Hanker). 

t Members of subcommittee on report, Wheu the 1931 report of the powcT generation com- 

3 . For au numbered references see bibliography. mittee WHS Written, the United States WHS Suffering 
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from a 2 years’ drought and a business depression. 
By the end of that year rainfall quite generally had 
become normal. From 1921 to 1929 the amount 
of power generated in public utility plants in the 
United States increased from 41 to nearly 97.5 
billion kwhr, a gain of 138 per cent in 8 years. 
Since 1929 the volume of power generated has 
<lroppeil to 84 billion kwhr, a decrease of 13.9 per 
cent in 3 years. 

Beginning with 1928 to the end of 1931, hydro¬ 
generated power decreased from a maximum of 
nearly 35.0 to 30.0 billion kwhr, notwithstanding 
that during that period the installed capacity in 
hydnudectric i)lants increased over 2 million hp. 
Lust year was a fairly good water year. Hydro- 
generation increased to near the 1928 figure and 
represtmted a larger ptirt of the total generation 
than for previotis years, being 40.5 per cent. The 
increase in hydro-generated power with a decreasing 
fcjlal volume of generation has caused a heavy loss 
in ouli>ut from fuel burning plants, a drop of 11.9 
billitni kwhr occurring during 1931 and 1932. 


||~,.Generatin3 Plant Construction Progress 

Although the volume of generation by utility 
plants has decreased 13.9 per cent in the last 3 years, 
installed capacity in these plants has increased 
5 million kw, or about 20 per cent. The increase 
in steam plant capacity amounted to about 3.5^ 
million kw, and in hydroelectric stations, to 1.5 
million kw. This large capmty increase represents 
the completion of construction programs under way 
at the beginning of the depression. Work has been 
practically completed on most of the projects 
tiated within the past 2 years. The present total of 


central-station generating-plant construction budg¬ 
ets is lower than in any year during the last dec¬ 
ade. 

The steam-electric generating plant capacity 
added in 1931 was about V* 3-s ^eat as m 1930 when 
over 2 million kw was placed in operation; hi 1932 
the new capacity was slightly smaller in amount 
than in 1931. The 1931 installations were about 
equally divided between existing plants and newly 
constructed plants; in 1932, additions to 3 major 
plants comprised practically the entire new steam 
plant capacity placed in Operation. Only 2 new 
major steam plants are now under construction; 
large extensions that have been initiated to 2 existii^ 
steam plants are being postponed. 

In the water power field, the new capacity ini¬ 
tially operated in 1931 in the United States ex¬ 
ceeded slightly that in 1930; Canadian installations 
in 1931 also were at or above normal volume. The 
decrease in added capacity in 1932 was very marked 
in the United States when the total of several small 
installations was only about Vs increase in 

1931; the initial operation of the large Beauhamois 
plant in Canada resulted in new capacity there some¬ 
what in excess of Vs that in 1931. Only one un- 
portant project, Boulder Dam, is actively under 
construction in the United States. There ^e 
several plants, totaling about 750,000 hp, on which 
work was started but has been postponed tem¬ 
porarily. Not one important contract for hydrauhe 
turbines was let in 1932 in the United States and 
Canada, which is an indication of how seriously 
power developments have been curtailed. This 
year the contract for the Boulder Dam turbmes is 
the only major one to be placed. Unless work soon 
is started on some of the larger projects now being 
considered, hydroelectric construction probably will 
be of STna.11 volume for the next few years. 



^ Photoby Arthur E.Chee8inan, New York. N.y. 
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Ill—Interconnection 

While the interconnection of power systems al¬ 
ready accomplished has continued to promote 
economy in power generation in the 2 years elapsed 
since the last report, but few additional notable 
intercoimections have been established. A major 
one' has been between the systems of the Niagara- 
Hudson' Power Company (N. Y.) and of the com¬ 
panies affiliated with the Consolidated Gas Com¬ 
pany in New York City. This interconnection, 
which has been described- in Electrical World of 
July 18, 1931, consists essentially of 4 110-kv cir¬ 
cuits extending from the Mohawk Valley to a switch¬ 
ing station at Pleasant Valley, about midway be¬ 
tween Albany and New York City, at which point 
the voltage is changed to 132 kv. From Pleasant 
Valley 2 132-kv circuits will extend into the New 
York City system through existing 132-kv under- 
^ound cables. The Pleasant VaUey transforma¬ 
tion is by means of 2 banks of auto-transformers, 
each having a capacity of 100,000 kva. Synchronous 
condensers are cormected to tertiary windings in 
these transformers. The parties to this intercon¬ 
nection expect to realize a saving in generating ca¬ 
pacity requirements by the exchange of emergency 
service. Also, economy flow and storage power 
transactions will be made possible. 

Another interconnection which is noteworthy in 
several respects is the 220-kv interconnection be¬ 
tween Baltimore, Md., and Washington, D. C., 
placed in service early this year. It consists of a 
tap on the 220-ky single circuit from the Safe Harbor 
hydrodectric development to Baltimore. It has 
been justified primarily by storage power transac¬ 
tions; that is, it in effect creates additional generat¬ 
ing capacity by the proper manipulation of the steam 
generation and hydroelectric storage. This iuter- 
connection of course, also, will serve for the purposes 
of emergency service and economy flow. 

During the past 2 years, power system operators 
have been more largely concerned with improve¬ 
ments of operating technique and a careful combing 
over of possible economies that might be realized 
from existing intercoimections. 

Frequency and Tie Line Load Control 

One of the problems that has been receiving con¬ 
siderable attention, especially where several systems 
covering an extensive area with many power sta¬ 
tions are involved, has been that of tie-line power- 
flow control with its related subjects of frequency 
and time control. The admirable papers of Spom 
and Marquis, and of Purcell and Powell (see bibli¬ 
ography) exemplify the thought that has been given 
to this problem, and portray its status. 

Elem ent al l y in a group of interconnected systems, 
where control of the tie line flow is necessary be¬ 
cause of physical limitations or desired in order to 
meet contractual requirements, frequency (and tim*^ 
indication) must be regulated by some one system. 
Tie line flow is regulated by the other systems— 



U. S Bureau of Reclamation Photo 


Boulder Dem, loolcing upstream through Black Gin- 
yon toward damsite, prior to beginning of excava¬ 
tion of middle gorge. The first concrete was poured 
early in June 


^ch regulating the flow in only one designated tie 
line, usually in one of the Unes with which it is 
directly connected—^by variation of generator phase 
angle through governor control. 

If 2 or more of the interconnections form a loop,, 
the foregoing regulating scheme must be supple¬ 
mented by a phase shffting device in one of the 
intercoimections forming a part of that loop. The 
flow in one of the interconnections of that loop, 
usually although not necessarily tiie one in which the 
phase shifter is situated, must be controlled by the 
phase shifter. 

In some groups of systems, manual operation 
imder such a plan is satisfactory, especially where 
the controlled quantities are imficated on meters 
before the eyes pf the respective operators control¬ 
ling those quantities as against being relayed to ttn>m 
by telephone messages from distant points. In 
other intercoimected groups, where conditions are 
not so favorable, the transient conditions caused by 
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load variations and emergency conditions impose 
load swings on the frequency regulating station or on 
the tie lines, which exceed the limits of the equip¬ 
ment or are otherwise undesirable. 

To the extent that these difficulties are caused by 
the limitations of manual control, automatic fre¬ 
quency control and tie-line load control devices 
have been developed and successfully applied. 
Where the difficulty has been the inability of the 
frequency regulating station to handle its task, 
effort has been directed toward distributing the 
frequency regulating function to several stations in 
different parts of the interconnected system. Auto¬ 
matic frequency reg^ators so distributed have been 
adjusted to operate successfully in parallel and, aside 
from distributing the frequency regulating bxurden, 
have eliminated erratic behavior of tie line flow. 
But where complete tie line control also is desired, 
they must be coordinated in their operation with 
tie-line load control devices. Development work 
on such cobrdination is in progress. 

In the case of tie line control, whether it be manual 
or automatic, difficulties arise when the controlling 
station is remote from the controlled point; perhaps 
telemetering principles will be resorted to in su(^ 
cases. A case in point is an interconnection in 
northern New Jersey between the systems of the 
Public Service Electric and Gas Company and the 
New Jersey Power and Light Company, the flow 
over whicli at times is being regulated by the Cono- 
wingo hydroelectric plant in Maryland some 130 
miles away. Communication between the con¬ 
trolled and the controlling points is by telephone. 
The control, of course, is rather rough, but further 
refinements in this case are not warranted. 

Phase Shifters 

The problem of power flow control in intercon¬ 
nection loops referred to previously will become of 
increasing importance if arid when business condi¬ 
tions warrant the installation of additional inter¬ 
connections between S 3 rstems which at present are 
directly or indirectly interconnected. 

Phase cEiffing by quadrature additions to voltage 
either in the interconnection transformers themsdves 
•or in separate series units is, of course, tec hn ica ll y a 
very satisfactory solution. But such eqmpm^t 
adds considerably to the cost of an int^connection 
and may make it uneconomic. Consider the (»se 
•of Company A which for several years has had a 
low voltage interconnection with Company B; 
Company C, which is interconnected with Company 
A de^es to establish a large, important, lugh volt¬ 
age interconnection with Company D, wmch m turn 
Is tied in with Company B. The loop thus fomed 
renders some one of the original mterconnections 
inoperative, unless phase shifting eqmpment be m- 
ataUed. Since the cost of phase ^tmg eqmpm^t 
is proportional to the size and voltage of tlie mter- 
comiection, the cost of installing such equipment m 
the new interconnection may be prohibitive, per 
haps it may be installed less eiqiensively m one of 


the older ties. If so, questions of ownership, financ¬ 
ing, cost responsibility, and cooperative control 
become complicated. 

In some cases it may be possible to omit phase 
shifters, if the resulting uncontrolled power flow is 
physically tolerable and if satisfactory contractual 
and billing arrangements among the companies in¬ 
volved can be made. Contractual difficulties usually 
are slight when only 2 companies are involved, but if 
there are 3 or more companies in the loop, such 
solutions are not always available. 

Note should be made of the rather large phase 
shif ting transformers in use by the Texas Power and 
Light Company at their Temple substation, as de¬ 
scribed in the Electrical World, November 22, 1930. 
Transformers of this type can be arranged to serve 
either as phase shifters or as voltage-ratio changers, 
which may be desirable as changes in contractual or 
corporate relationships occur. So far as known the 
largest phase shifter yet built will handle the output 
of a 100,000-kva 26/66-kv transformer bank on a 
feeder between the State Line' and Calumet sta¬ 
tions in Chicago, Ill. 

It is to be expected that if improved business con¬ 
ditions bring about additional interconnections, 
phase shifting devices will be required in more cases 
than in the past. Even where loops are not fonned, 
the possibility of their occurring at a future time 
may call for designs which wiU permit the later in¬ 
stallation of phase shifters. 

Time Regulation 

Either by directed effort, or as a result of the in¬ 
stallation of automatic equipment to facilitate power 
flow control, the time regulation of some systems 
has reached a point which is beyond practical re¬ 
quirements. The systems of the North Atlantic 
seaboard are operating with a time error not exceed¬ 
ing 20 sec. Another group of interconnected sys¬ 
tems is said to be capable of operating with a fre- 
quency deviation not exceeding Vio cycle (at 60 
cycles) and a cumulative time error of not to exceed 
3 sec. 

Economy 

The general search for savings in all branches of 
power system operation has not dighted any pos¬ 
sibility for such savings arisii^ froin interconnection. 
There has been increasmg appreciation of the be¬ 
havior of power station production expense, par¬ 
ticularly in the matter of distinguishing between 
those costs that are proportional to output and those 
that are not. The article on “Calculatmg Savings 
from Power Interchange” by E. C. Brown, appramig 
in the Electrical WorU of February 20, 1932, outes 
in considerable detail the methods used m deter¬ 
mining savings in the Coimectictrt Valley ^5*^^ 
Exchmge. P. B. Juhnke, in Electrtca Wmld, 
August 22, 1931, outlines perfections whi^ have 
been made in the contractual re^tions of the com¬ 
panies operating in the Chicago district. 
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Pleasant Valley (N. V.) substation of the New York Power & Light Company, where the Niagara-Hudson and New York Edi¬ 
son transmission systems are interconnected through 2 banks of 110/132-kv 100,000-kva auto-transformers 


Nomenclature 

As a result of discussion of the 1930 summer 
convention papers, the joint subcommittee on the 
subject of interconnection (formed by representa¬ 
tives of the committee on power generation and 
other interested committees) has formulated defini¬ 
tions of the various types of service rendered by inter¬ 
connecting facilities. The joint subcommittee, how¬ 
ever, has not yet taken steps toward their official 
adoption. 

• Industrial Interconnections 

Exigencies of the time have occasioned consider¬ 
able study of the principles of interconnection be¬ 
tween utility systems and the power plants of in¬ 
dustrial customers. Industries utiUzing quantities 
of process steam or having available by-product 
fuel have shown continued interest in by-product 
power production by the installation of high pres¬ 
sure boilers with extraction turbine-genarating ap¬ 
paratus. This development frequently results in 
the definite cooperation between industry and utility 
in the production of both steam and electric power. 
To the several notable iustances mentioned in the 
1931 report of the power generation committee 
should be added that of the Schenectady mercury- 
vapor-steam plant which is interconnected with the 
lines of the local utility. Principles involved in 
analyzing the services and economic results of such 
intercormections do not differ from those which 
apply to interconnections between power companies. 
However, in arriving at contractual arrangements 
with such industrial plants, the commercial policies 
of the power companies cannot be overlooked. 
There must be cobrdination between these arrange¬ 
ments and the rate sdiedules of the companies. 
The universality of rate schedules interferes with a 
full general application of inter-utility interconnec¬ 
tion principles to dealings with customers. While 
many special arrangements have been entered into 
with industrials, they have been principally with the 
larger plants. It is felt that interconnection with 
the many smaller industrial plants must be ap¬ 
proached more from the standpoint of introducing 
interconnection principles into rate schedule modi¬ 
fications and applying them generally, rather than 
by a multiplicity of special arrangements with the 
individual consumers. 


IV—Steam Plant Practice in the United States 

General trends in steam power plant design during 
the last 2 years have been toward plant simplifica¬ 
tion, rehabilitation, and increased economy of 
operation, rather than to further elaboration in new 
or existing stations. Operating steam temperatures 
have continued to increase and several stations 
now use steam at 800 to 850 deg F. As now ac¬ 
cepted, the upper limit of steam temperatures is 
850 deg F, but experiments with steam at higher 
temperatures are being carried forward as, for 
example, at the Delray Station of the Detroit 
(Mich.) Edison Company. 

There has been no tendency during the past 2 
years toward the use of steam at higher pressures, 
but during this period several 1,200- to 1,400-lb 
plants have been in successful operation. Only 
minor improvements in the design and construction 
of equipment to operate at those pressures have been 
necessary. While the foregoing is the generally 
accepted maximum pressure range for power plant 
practice today, investigation of steam generation 
at higher pressures has proceeded actively. Ex¬ 
perimental series drumless boilers for steam pressures 
up to 3,600 and 6,000 lb per sq in., respectively, are 
in their second year of operation at Purdue Uni¬ 
versity and at the plant of a boiler manufacturer. 
Studies have been made of heat transfer, of the flow 
of water-steam mixtures, and of the heat content 
of steam at high pressures. Several manufacturers 
have constructed steam generators for pressures as 
high as 2,500 lb per sq in. and for temperatures up 
to 1,000 deg F, for producing relatively small quan¬ 
tities of steam to be used in testing instruments and 
fittings. Experience being gained m the construc¬ 
tion and operation of this high pressure equipment 
may prepare the way for the next increase in com¬ 
mercial pressures. 

The fact that plants have been and are being oper¬ 
ated successfully at the higher pressures men¬ 
tioned warrants the further consideration of such 
pressures for new plants and the rehabilitation of 
old plants from the standpoint of first cost, economy 
of operation, reliability, and lack of operating dif¬ 
ficulties. Since it has been proved’ that equipment 
can be successfully constructed for temperatures of 
850 deg F, a relatively high economy can be secured 
by the use of 650-lb pressure without reheat. This 
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is due in part to the increased operating tempera- 
"tures that are possible. The adoption of the mer¬ 
cury cycle in an p^isting plant is essentially similar 
"to the superposition of a high pressiure (1,300 lb) 
'tiirbine upon a lower pressure turbine syst^. 

The trend toward plant simplification is charac- 
"terized by the unit assembly arrangement in which 
s, turbine is served by a single boiler. With the 
S-vailability factor of modern boiler units rapidly ap- 
!^roaching that of tmrbine units, there is a defimte 
"trend toward the use of boilers of high capacity with 
accompanying reduction in boiler plant investmmt. 
It is now common practice to install only 2 boilers 
j>er turbine in large plants, the Charles R. Huntley 
Station No. 2 of the Buffalo General Electric Com¬ 
pany being an example. Consideration also is being 
given to the one-boiler-per-turbine layout; such an 
sirrangemeht is used in the Port Washington Station 
of The Milwaukee Electric Railway and Light 
Oompany. There are no size hmitiitions to Itos 
arrangement, as it is now possible to build a boiler 
unit with a capacity equal to the demands of any 
•turbine unit. 


Boilers 


Boilers are now in successful service generating 
over 1 million lb of steam per hour per unit and it is 
possible, even featible, to build units of 2 million 
lb of steam per hour each. The steam capacity of 
"boilers per foot width of furnace has risen steadily 
■until now units are under construction with ca¬ 
pacities as high as 17,500 lb per hour per foot, and 
■units of much greater capacities have been designed 
and proposed. 

The single-pass sectional-header boiler, without 
economizer, air heater or induced draft fan, has 
-marlA some progress in this countiry for low load fac¬ 
tor plants, such as steam heating and reserve for 
Hydroelectric plants, and for plants having good load 
factors where low cost fuels are used. Single-pass 
converging-header boilers are used with economizers 
and air heaters for stations that are to operate at a 
relatively high load factor where it is desired to keep 
the draft loss for the unit down to a mi n i m um with 


maximum heat transfer. AcurT? 

Wdded drums now are permitted by the A.S.M.. Ji. 
Boiler Code, making possible gr^t progrws in the 
adoption of this construction which is an important 
step forward in boiler design. The individual states 
are rapidly accepting this construction. Explora¬ 
tion of welded seams by means of X rays and gamnia 
rays has kept pace with other advances in the wdd- 
ing art. Welded seams in plates up to 4 V 4 -in. thici- 
ness now can be explored by X rays, and up to 6 in. 


by gamma rays. 

Accurate steam temperature control for all con- 
ditions of load and operation is now desirable in 
many cases, the cost of metals and constructions 
necessitated by prevailing high temp^a.tures 
ing it desirable to operate at the upper design limits at 
all times. A method of such control is by means of a 
desuperheater located preferably in the intermediate 


position between the upper and lower sections of the 
superheater. The use of intermediate desup^- 
heaters has a further advantage in that the quantity 
of alloy superheater tubes usually necessary when 
higher temperatures are encountered is held to a 
Tninitniitn by reducing the temperature of the steam 
before, and not after, it reaches the superheater out¬ 
let. Another method of temperature control is the 
combination of a convection superheater located in 
the boiler passes with a radiant superheater placed 
on the walls of a furnace designed for a moderate 
heat-release rate per unit of furnace volume. Tem¬ 
perature control by a swinging baffle in the path of 
the furnace gases, causing toese gases to sweep more 
or less superheater surface, also has found applica¬ 
tion. 

It has been found increasingly important in many 
central station plants to reduce materially the 
quantity of moisture carried over by the steam, and 
to reduce the amount of solids pasting through to 
the tmrbine in order to prevent trouble from the de¬ 
posit of solids on toe turbine blading. One of toe 
means by which this is being accomplished is toe 
use of a new steam scrubber installed in the boiler 
drum, which washes toe outgoing steam with toe 
iitontning boileT feedwatcT. Thus toe solids, which 
ordinarily would be carried over by toe. mofeture 
in the steam, are washed out and any moisture 
remaining in toe steam is deaner and freer of 
solids. 


Firing Methods 

Methods of firing fud have undergone no major 
developments during toe past 2 years, although in 
many cases conversion has been made from pul¬ 
verized coal firing, and in instances from stoker 
fi ring , to gas or oil firing. The completion of pipe 
lines from Texas and Oklahoma to Chicago has in¬ 
fluenced toe use of natural gas throughout toe Mis¬ 
sissippi "Valley, in combination oil, coal, or gas 
burners. 

Imp rovements in large stokers have been apparent 
. in recent years. Devdopments in stoker fired 
equipment indude toe trend toward larger units and 
the increased use of zoned air-control. The latter 
method of operation results in Mgher combustion 
rates and steaming capadties of boilers. Tests on^ 
experimental stoker installation und^ Philaddphia 
(Pa.) Electric Company’s No. 8 boiler at Chester 
Station have indicated that a dry coal burning rate 
of about 72 lb per sq ft of projected grate area could 
be maintained for about 4 or 5 hr. This represented 
a fud burning rate of 78 lb per sqft, resulting froni 
toe return to toe stoker of about 6 lb per sq ft of 
collected at toe back of the boiler. The tests 
that continuous dry coal burning rates 
should be limited to about 60 lb per sq ft of pro- 
jccted gra,te 3 X 63 .. D6lr3,y No. 3 of tlio Detroit 
Edison Company, also by use of zoned air-control 
has increased boiler effidendes by 3 per cent on 
toe average. Air zoning is accoinpUshed by nistall- 
ing a number of individual wind boxes with adjust- 
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able damper-controlled entrance orifices under each 
retort. Air is in effect meastned to each wind box, 
and the metering may be made the basis of auto¬ 
matic control. 

^ Underfeed stokers are now available which with 
si^le-ended firing are capable of handling up to 18 
million Btu per hour in high grade coal per foot width 
of furnace, and pulverized coal burners and furnaces 
now are being installed for single-ended firing as liigli 
as 26 million Btu per hour input per foot width of 
furnace. 

The ^g-tap furnace has proved to be important in 
permitting the most economic design of boiler unit, 
because of the high per¬ 
missible rate of heat in¬ 
put per foot width of 
furnace and the lower 
setting height required. 

The slag-tap furnace is 
adapted especially to the 
use of low grade coals. 

There are now in excess 
of 60 slag-tap furnaces 
in operation in this 
country. Difificulties 
initially encountered 
with this type of furnace 
have been overcome by 
the use of water cooled 
furnace floors. 

Difficulties with slag- 
tap furnace installa¬ 
tions caused by the ex¬ 
cessive slagging of boiler 
tubes with molten ash 
have resulted recently 
in the development of 
dust screen tubes to 
which studs are welded 
and covered with refrac¬ 
tory material, for the 
purpose of presenting a 
surface to which ash 
dust would adhere and 
fuse to the point where 
it would drop off and 
thus maintain a stable 
surface. This con¬ 
struction is being applied also to furnace walls. 

The universal, completely metal-cooled furnace in 
which solid, liquid, and gaseous fuels can be burned 
separately, or in combination, is being approadied 
in several large central stations and allowed for in 
others. This design is made possible by the de¬ 
velopment of combination fud burners for firing 
through water-cooled furnace walls; sitnilar burners 
have been used also for vertical firing. 

Progress has been made in both the direct fired and 
the storage system of pulverized fud firing, each 
method having economic applications which can be 
determined best by a careful analysis of the con¬ 
ditions under which the plant is to operate. 


The construction of a pulverizer with a capadty of 
over 50 tons of coal per hour installed in the Eps 
Bay Station of the New York (N. Y.) Steam Corpora¬ 
tion was an outstanding devdopment of the period. 
A unique driving mechanism is adapted to the 50-ton 
mill . No gearing is used, and the mill shaft is con¬ 
nected directly to the rotor of a 500-hp vertical S 5 m- 
chronous motor at 72 rpm. The mill base rests 
directly on the stator frame. To overcome the diffi¬ 
culty of mill starting, especially when partly filled 
with coal, unusually high starting and pull-in torques 
were specified; overvoltage starting is used to obtain 
these. 

Turbine-Genbratoes 

The trend toward 
large capadty single- 
diaft turbine-generators 
noted in the last report 
apparently has con¬ 
tinued in this country, 
although the number of 
machines purchased 
latdy has been few. The 
2 -cylinder tandem-com¬ 
pound unit appears to 
be the prderred t 3 rpe at 
present for large capad- 
ties; a 160,000-kw 3- 
cylinder tandem-com¬ 
pound unit for 1,200-lb 
pressure and 825-deg F 
initial and resuperheat 
steam temperature was 
delivered in 1932. Five 
vertical cross-compound 
units are in opera¬ 
tion in this country at 
1 ,200-lb initial pressure. 

Turbine .operating ex¬ 
perience during the 
past 2 years apparently 
has shown an increased 
degree of reliability 
which can be attributed 
definitely to improve¬ 
ment in the design of 
turbine details, and not 
to the lessened use of 
turbine-generators. There is concrete evidence that 
breakage of turbine blading because of vibration is 
b^g diminished. Other difficulties, however, are 
arising in consequence of: the use of higher steam 
pr^sures and temperatures; greater capadties re- 
qmrmg higher blade ^eeds; the desire to keep 
turbine and buflding investment to a mmimnni by 
using single-cylinder units of laige-output; and in 
some cases, the necessity of operating units at reduced 
load. Troubles caused by these and other factors 
are: the erosion of turbine blading by moisture in the 
steam; deposits on turbine blading; difficulty in 
starting umts after shutdown of a few hours; and 
oil fires. 



Section of Bebcock & Wilcox type B pulverizer 
installed at the Kips Bay station of the New York 
(N. y.) Steam Corporation 

This mill pulverizes 50 tons per hour of 70 srindabilily coal 
from the Pittsburgh Seam to a fineness of 70 per cent through 
a 200 mesh screen and 98 per cent through a 40 mesh screen 

A. Separating air inlet E. Stationary rings 

B. PulverizecT coal outlet F. Rotating ring 

C. Coal inlet G. Stationary ring 

D. Pressure regulating springs H.. Driving yoke 

I. Vertical synchronous motor 
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While boiler water conditioning or control is 
usually desirable for all pressures, frequent turbine 
outages and reduction in turbine capacity because 
of blade deposits following the use of high steam 
pressure resulted in more emphasis on this phase of 
plant operation. The purpose is mainly for the re¬ 
duction or e limin ation of scale-forming and corrosive 
substances from the water, and the maintenance of 
the proper sulphate to carbonate ratio to inhibit 
embrittlement of the boiler metal; although related 
is the prevention of foaming, priming, and carry-over, 
which results in deposits in superheater tubes and 
on turbine blading. 

Tip speeds of turbine blading have been increased 
in recent instances to over 1,200 ft per second. Ero¬ 
sion of the blading by moisture in the steam in¬ 
creases with the speed of the blades, and now is 
recognized as a problem requiring ^lution. A 
comparatively large amount of moisture in the steam 
in the low pressure end of ttubines seems to result 
from economic turbine design. Desi^s have been 
made for internal arrangements to drain the moisture 
from the turbine as it forms, but to date such ef¬ 
forts have been only partially successful. Higher 
initial steam temperatures are beneficial for the pur¬ 
pose, as well as reheating of the steam dxurmg ex¬ 
pansion through the turbine. In all cases in this 
country except 6 turbines, reheating has been carried 
out witii the use of either tandem- or cross-compound 
arrangement of turbine cylinders. Turbine manu¬ 
facturers are making intensive studies of the re¬ 
sistance of blade materials to erosion and corrosion. 
Plating and coating of blades, and the attachmrat 
of strips of erosion resisting materials such as stejffite 
to the wearing edge of the blade, have been tried. 
Laboratory tests with steam and water jets have 
indicated promising characteristics for steels which 
were surface-hardened by nitriding. Single tur¬ 
bines having blades protected by about 30 different 
methods and materials now are being operated to 
compare the endurance of the blades under actual 
operating conditions. 

The use of higher steam temperatiures, reduced in¬ 
ternal clearances of turbines, turbine cylinders of 
larger capacity, and the necessity of frequent 
stopping and starting have resulted in difficulty in 
the starting of turbines after short idle periods. 
Unequal temperature distribution throughout the 
turbine foUowing shutdown has caused sufficient 
deformation of the turbine spindle and eccentricity 
of its axis to produce vibration if started in this con¬ 
dition. The use of a turning gear in conjunction 
with high pressure oil for fl.oating the turbine shaft 
in its bearings has been of service in this connection; 
this practice has substantially reduced the toe 
necessary to bring units to full speed, and has aided 
in maititflining dose internal clearances and thus 
improving steam economy. 

Another development along the same line has been 
that of turbine supervisory instruments for remote 
indication of turbine performance. These instru¬ 
ments will be useful also for outdoor generating 
equipment. The instruments will indicate or re¬ 


cord turbine speed, shaft eccentridty, movement of 
parts as the result of temperature changes, vibration, 
and noise intensity resulting from improper con¬ 
tact of parts. 

Recent oil fires in turbine plants using high tem¬ 
perature steam have stressed the necessity for 
better safeguards against this type of damage. 
Separation of the oil systems employed for lubrica¬ 
tion and governing has been proposed, also the 
use of non-inflammable liquids. Redesign of the 
lubricating and governing systems also is being 
considered with the view of strengthening struc¬ 
tural details and of preventing the access of oil 
to regions of high temperature in the event of 
casualties. 

Welding has found increasing application in plant 
design in addition to the fabrication of boiler cbums 
mentioned previously. High-pressure high-tem¬ 
perature steam lines are being welded and stress 
relieved in place. Many turbine parts now are 
being fabricated by the welding of plates and shapes, 
with the elimination of castings. The development 
of X ray testing for shop processes has helped the 
introduction of welding in the field of turbine manu¬ 
facture. 

Condenser development has continued along the 
lines followed for several years, although the trend as 
to reduction in condenser surface per unit of turbine 
capacity has about stopped. The largest condenser 
of welded construction, 65,000 sq ft, recently was 
installed in the Keamy Plant of the Public Service 
(N. J.) Electric and Gas Company. The trend in 
favor of single-pass condensers of large size has 
continued; the largest condensers of this design were 
installe d in the Hudson Avenue Plant of the Brook¬ 
lyn Edison Company, where turbines of 16D,000-kw 
capacity exhaust into single-pass condensers of 
101,000 sq ft each. Tubes with an active length of 
30 ft are used in these condensers, which is the 
lotfgest installed to date. Rolling of tubes in both 
tube sheets is being adopted more widely, with re¬ 
sultant benefit throughout the steam and feed water 
cyde. Chlorination of condenser water for in¬ 
hibiting sliming and algae growth in condenser 
tubes has been developed to a practical basis, and 
maintains condenser tubes in a greater state of 
deanliness over longer periods resulting in increased 
turbine availability, reduced manual deaning of tubes, 
and increased turbine economy. 

Since the 1931 report of this committee th^e has 
been an increase in this country in the capadty rat¬ 
ing of turbine-generators with a speed of 3,600 rpm. 
Single-cylinder partial-expansion or back-pressure 
units now are in service having ratings up to 18,000 
kw. Tandem-compoimd units of 15,000-kw rating 
are in use; these expand to normal condenser pres¬ 
sure. Tandem-compound machines of 25,000-kw ca¬ 
padty are under construction. 

Generator purchases during the past 2 ye^s have 
been too few to warrant additional conclusions, be¬ 
yond those noted in the last report, about the use 
of higher generator voltages. It appears though that 
increased attention is being given to the subject of the 
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most economic generating 
voltage; the advisability 
of holding to established 
voltages is being questioned, 
particularly where genera¬ 
tors are connected Meetly 
through transformers to the 
transmission s3rstem. The 
development of a 36-kv 
31,250-kva turbine-genera¬ 
tor for installation in the 
Langerbrugge power plant 
in Belgium records an 
increased generating volt¬ 
age in European practice 
over the 33-kv generators 
installed m 1929 in the 
Brimsdown Plant, Eng¬ 
land. Considerable study 
has been given to the prob¬ 
lem of protecting genera¬ 
tors connected directly to 
overhead lines against volt¬ 
age surges. The increased 
knowle^e of the nature 
and magnitude of surges 
and reflections obtained by 
the use of the cathode ray 
oscillograph has made it 
possible to apply protection 
by means of suitable light¬ 
ning arresters and capaci¬ 
tors with some degree of 
assurance. 

Developmental Wobuc 

Diphenyl compounds, 
which have been in consid¬ 
erable use as heat-transfer 
mediums in the chemical in¬ 
dustry, weet adopted for air 
preheating at the Bremo 
Bluff Station of the Virginia 
Public Service Company, 
because the extreme height 
of the units makes the flue 
gas outlet and source of heat 
for air preheating remote. 
The diphenyl compoimd is 
circulated between a heat 
absorbing element in the 
path of the flue gases and 
a heat releasing section in 
the air ducts of the funmee 
and mills. The relatively 
small dimensions of this 
equipment compared with 
the usual air preheater and 
duct work, resulted in a 
decrease in building height 
and volume. Reduced 
draft-fan power and radia¬ 
tion loss also were re¬ 
ported. 
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Vertical section of the General Electric mercury-steam equipment installed at 
the Kearny station of tire Public Service (N. J.) Electric & Gas Company 
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Vertical section of the General Electric mercury-steam equipment installed at 
the Kearny station of the Public Service (N. J.) Electric & Gas Company 


Improvement of methods 
for the removal of fly ash from 
stack gases has continued. 
After several years of develop¬ 
ment of an improved scrubbing 
process in the EZneelaud Street 
Plant of the Edison Electric 
Illuminating Company of 
Boston, Mass., 95 per cent 
of the fly ash from the com¬ 
bustion of pulverized coal now 
can be removed. Experi¬ 
mental work is progressing 
steadily and it is expected 
that the; effectiveness of the 
process will be improved 
further. At the Michigan 
City Station of the Northern 
Indiana Public Service Com¬ 
pany an electrical precipitator 
of somewhat larger than 
normal size with correspond¬ 
ingly low gas velocities has 
given apparent efficiencies of 
dust removal ranging from 
92.3 to 98.4 per cent. 

A steam turbine in the 
Delray No. 3 Plant of the 
Detroit Edison Company has 
been operating with 1,000-deg 
F steam for a large portion 
of the time since the latter 
part of 1931. The installa¬ 
tion consists of a 10,000-kw 
turbine with the generator 
terminals connected to the 
main station bus and operat¬ 
ing tmder normal production 
conditions. Steam for the 
imit is generated in the main 
station boilers at 400 lb and 
700 deg F, is raised to 1,000 
deg F in a separate oil ffied 
superheater and arrives at the 
turbine throttle at 365-lb pres¬ 
sure. Turbine troubles due to 
such high temperature opera¬ 
tion have been few and the 
high temperature equipment 
has good operating records; 
final conclusions about the 
installation, however, depend 
upon fiuther experience. 

The mercury-vapor-steam- 
electric power plant nearing 
completion at Schenectady, 
N. Y., represents an attempt 
out of the ordinary to dimi- 
nate all unnecessary expense 
in building construction. 
Static apparatussuch as evapo¬ 
rators, deaerator, mercury- 
steam condenser-boilers, air 
preheaters, etc., have been 
placed out of doors as well as 
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the 20,000-kw mercury turbine and the 6,000-kw 
pressure-reducing steam turbine. The steam boiler 
and the mercury boiler have been sheltered in glass 
as well as office space in the basement and coal im- 
loading facilities; the latter have been housed to 
facilitate thawing in winter and to protect the ad¬ 
jacent factory from coal dust. Such housing as has 
been provided consists of factory-welded steel panels 
glazed in a manner quite as simple as the metal sheet 
lagging provided for apparatus regularly housed. 

The mercury-vapor equipment in the South 
Meadow Station at Hartford, Conn., has been in con¬ 
tinuous operation since changes were completed in 
1932. The furnace now bums oil instead of powdered 
coal; steam is generated in the condenser boilers at 
the design pressure of 425 lb per sq in. and is used in 
the high pressure steam section of the station. For the 
6-month period between June 1 andNovember 1,1932, 
when sufficient load was available to load the mercury 
turbine fully, a total of 73,330,000 kwhr was generated 
at a heat rate less than 10,000 Btu per net kwhr; the 
load factor during that period was 87 per cent. 

Since 1931 there have been mercury-vapor power 
ins talla tions of 20,000 kw ea<di at the Schenectady 
Works of the General Electric Company and at the 
Kearny Station of the Public Service (N. J.) Electric 
and Gas Company. In each case operating condi¬ 
tions for the mercury turbines are as follows: 

Initial pressure. 125 lb per sq in. gage 

Initial temperature.958 deg F 

Exliaust pressure. 3 in. mercury, absolute 

Exhaust temperature.486 deg F 

Steam generated in the condenser-boilers at both 
installations amounts to 325,000 lb per hr. At 
Kearny the steam is generated at 365 lb per sq in. 
gage and 750 deg F initial temperature, whidfi is 
sufficient to generate 33,000 kw in a steam turbine. 
At Schenectady the steam is generated at 400 lb, 
760 deg F initM temperature, is reduced in pressure 
to 200 lb by passing through a 6,000-kw reducing 
turbine and thereafter finds industrial use in the 
Schenectady Works of the General Electric Com¬ 
pany. In. each case the furnace is provided par¬ 
tially with mercury walls and partially with water 
walls. At Kearny the turbine is placed above the 
boiler as at Hartford so as to provide gravity re¬ 
turn. At Schenectady the turbine is placed on the 
floor as in an ordinary power station, and the liquid 
mercury is pumped back to the boiler. 

Operating Results 

Despite the lack of new equipment and the de¬ 
crease in power generation, tifie average coal con¬ 
sumption in the United States has fallen from 1.62 
lb per kwhr in 1930 to 1.51 in 1932. This decrease 
may be accredited to the resultant gains from experi¬ 
mentation in higher steam temperatures and pres¬ 
sures; refinements in operating procedure; greater 
reliance on generating equipment and consequent re¬ 
duction of number of units in service; high load fac¬ 
tors on those operating; and the greater relative 
use of the more economical units. The trend toward 


unit assembly also is an effect of this increased re¬ 
liability. The notable minimum heat rates achieved 
by the stations listed in Table I of the 1931 report 
have been maintained and lowered a per cent or 2 
in certain instances during the past 2 years; but 
on the whole the heat rate of representative power 
plants has reached the point where little improve¬ 
ment be expected without some major innova¬ 
tion in design. Steam temperatures approaching 
1,000 deg F apparently promise a measure of thermal 
saving, although the mercury vapor cycle presents 
the greatest opportunity for heat reduction at the 
present time. 

Plants Exemplifying Recent Designs 

The evolution of Station A of the’Pacific Gas & 
Electric Company, San Francisco, Calif., from i'ts 
beginning in 1901 to the present rebuilt station, is 
interesting. The completed station of 260,000 kw 
will occupy no more space than the 18,000-kw equip¬ 
ment of 1905. During 1931, 2 50,000-kw vertical- 
compound turbine-generators began operation, and 
subsequent economies have resulted in overall station 
heat rates of less than 12,000 Btu per kwhr. The 
new boiler plant comprises 3 500,000-lb per hr cross¬ 
drum boilers, 2 of which have reheaters. Steam 
leaves the boilers at 1,400 lb pa: sq in. pressure and 
750 deg F, and 350 lb per sq in. and 750 deg F after 
reheating. The high pressure unit ru nn ing at 
3,600 rpm is connected to a 12,500-kw generator; 
the low pressure unit running at 1,800 rpm is con¬ 
nected to a 37,500-kw generator with a 250-kw 
exciter on the same shaft. A feature of the reheating 
element is a steam reheater using saturated steam at 
1,400-lb pressure in series with a flue-gas reheater. 
This has the effect of flattenin g the reheat curve at 
low ratings. Boiler firing is by natural gas and 
burners can use oil as standby fuel. 

Hudson Avenue Station of the Brooklyn Edison 
Company enlarged its capacity by 320,000 kw which 
represents the major equipment installed in 1932. 
This plant now has a capacity of 770,000 kw and is 
the largest power station in the world. Eight bent- 
tube multi-drum boilers, with separate dryrsteam 
drums, were installed. The output per boiler is 
530,000 lb of steam per hour at 400 lb per sq in. 
and 750 deg F. A leading feature in the design of 
the boilers is the underfeed stokers which are 26 ft 
wide, with 15 retorts, and 26 ft 8 in. long, exceeding 
by 3 ft any stoker previously built. The stokers 
and also the clinker grinders are driven by a hy¬ 
draulic variable speed transmission; low installa¬ 
tion cost made this type of drive advantageous over 
electrical systems. Two 160,000-kw tandem-com¬ 
pound units were installed. These turbines run 
at 1,800 rpm with initial steam conditions of 400 lb 
per sq in. and 730 deg F. The high pressure cylinder 
contains 15 stages and the low pressure, 4 double¬ 
flow stages. Steam extraction for feed heating oc¬ 
curs at 2 high pressure stages. Performance on the 
units is 1 per cent better than guaranteed; and since 
the 320,000-kw addition has been in service, the 
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over-all station heat rate has fallen from 15,500 
Btu per net kwhr approximately to 13,320. 

Bremp Bluff Station of the Virginia Public Service 
Company has several features indicative of recent 
trends. The steam generating equipment consists 
of 2 inclined-tube single-pass boilers, each rated at 
200,000 lb per hr evaporation and fired by pulverized 
coal. The diphenyl compound air-preheating sys¬ 
tem is used. The unit assembly idea is followed, 
eadi boiler serving a 15,000-lcw tandem-compound 
condensing turbine designed for 450-lb pressure and 
825 deg F. Steam is bled from 4 stages to rain-type 
feed water heaters. The units operate at 3,600 
rpm. Another feature of the station is ite cen¬ 
tralized control room midway between the boiler and 
turbine rooms. Both turbine and control pands are 
in this room and enable one operator to control a 
large number of circuits, 

Burlington Station of the Pubhc Service (N. J.) 
Electric & Gas Company is an outstanding example 
of economies obtained by rehabilitation. An 18,000- 
3,600-rpm turbine-generator operating at 650 lb per 
sq in. steam pressure and 850 deg F total temperature 
is superposed on 3 older units, each of 12,500-kw 
capacity operating at 190 lb per sq in. and 150 
deg F superheat. Thus the machines now form a 
55,500-kw 4-cylinder compound unit that has re¬ 
duced the station heat rate by 37.5 per cent (from 
24,000 to 15,000 Btu per kwhr). The new machine 
is the largest capacity unit at tliis speed in existence. 


V—‘Oil and Gas Power 

Several progressive features are evidenced in the 
Diesd engine field, such as reduction in wdght, use 
of trunk pistons of large diameter, and increased 
speed. The increased use of alloy steels is notice¬ 
able, also the discontinuance of air injection in favor 
of mechanical injection. The trend in small plants 
is largely to the use of the single-acting 2-cycle 
engine. 

The City of Vernon (Calif.) Power Plant will con¬ 
tain 5 7,000-hp double-acting 2-cycle en^es and 
will form the world’s largest Diesel-electric power 
plant. Each engine has 8 cylinders 24 in. by 36 in., 
runs at 167 rpm, and will drive a 5,000-kw generator. 

The Lamoka (N. Y.) combination gas-electric 
hydroelectric and ptunped-storage plant of the 
T.aTnnka Power Corporation is unique. The in¬ 
stallation consists of a 2,000-hp vertical-shaft hy¬ 
draulic turbine in operation, and a 7,500-hp turbine 
xmder construction. The turbines operate under a 
net head of 385 ft. One vertical 1,200-hp 6-cylinder 
4-cycle gas engine drives an 800-kw a-c generator, 
and each of 3 1,800-hp engines drives a 1,250-kw 
generator. Each 1,800-hp unit consists of 2 6- 
cylinder engines with the generator and flywhed 
between. These engines are the largest of their 
•kind itt this country. During off-peak periods, the 
gas engine driven generators supply power to pump 
water into the hydro-plant reservoir by means of 
one 8,000-gpm and 2 16,000-gpm motor-driven 


pumps. Natural gas is brought from wells 1,750 ft 
under 'the land owned by the power company; 
it is probable that this is the only combination gas 
and water power plant using these 2 resources from 
the same land. 


Vl—Foreign Steam Plant Developments 

There have been no pronounced developments in 
power generation abroad since 1931, with the excep¬ 
tion of the building of the “grid” scheme of trans¬ 
mission in Great Britain. This ideal scheme calls 
for a few new large, efficient power plants at favorable 
locations feeding into some 3,000 miles of transmis¬ 
sion system, tying all plants together. All load 
dispatching will be done at a central point in London. 
The transmission voltage is either 132, 66, or 33 kv. 
Substations will tap the transmission grid to supply 
communities with power. The plan requires the 
abandonment of many small and inefficient plants. 

Present English practice seems to favor use of 
steam at 600 lb and about 850 deg F. In Europe, 
pressures range from the moderate up to the critical 
pressure of 3,200 lb, which has been employed in one 
unit at Langerbrugge, with several installations be¬ 
tween 1,200 and 1,800 lb. With few exceptions 
850 deg F is the limiting temperature. 

The report of the Electricity Commission of 
Great Britain last year shows several installations 
having a thermal efficiency of from 22 to 24 per cent 
obtained with moderate pressures not exceeding 650 
lb, and fairly high temperatures. These effici^des 
are aU being obtained with English coal having a 
considerably lower Btu value than the coal generally 
used in the United States. 

There has been a decided trend toward the use of 
larger turbine units, capacities ranging up to 100,000 
kw with 50,000 kw appearing to be the popular size. 
Manuf acturers are prepared to build 3,000-rpm 50- 
cycle machiues in the larger sizes, and there is one 
unit of 80,000-kva capacity built for this speed. 

The use of larger boiler units increases, and many 
units are in operation with a steaming capacity of 
from 200,000 to 300,000 lb per hour. Although fur¬ 
nace sizes also have been stepped up, they still aver¬ 
age a little smaller per unit of boiler capacity than 
those of the latest American practice. The use of 
water walls is increasing. 

Practice in fuel burning equipment shows a ten¬ 
dency to favor stokers over powdered fuel. The 
forced-draft chain-grate stoker is v^ popular in 
England probably because the quality of the fuel 
used is quite favorable to the use of the chain grate. 
The change in trend from powdered coal to stokes 
seems to be explained by 2 reasons: the lower initial 
cost of the stoker, and the lesser difficulty in taking 
care of the kind of dirt in the flue gaises from the 
stokers. 

Fly ask removal has been given much attention. 
An enormous amount of work has been done in de¬ 
veloping centrifugal and wet types of elim^tors and 
dectrostatic precipitators. German engineers seem 
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Arid dam and power house of the Inland Power & Light Company on the 
Lewis River, Wash. This plant is said to contain the largest overhung gen¬ 
erator widi revolving field installed to date; it is rated 56,200 kva, 120 rpm 


to favor the latter type, 
while in England many stoker 
fired plants are getting good 
results with centrifugal and 
dry type separators. This is 
much more important abroad 
than it is in the United States 
because the average ash con¬ 
tent of the fuel is much 
greater. 

Bngli^ practice favors the 
straight tube boiler although 
the bent tube Stirling boiler 
also is used. In Europe, how¬ 
ever, the proportion of bent 
tube boilers is much larger and 
they are of a wide variety. 

Several int^esting and radical 
designs of boilers have been 
devdoped which are in com¬ 
mercial operation. The urge 
for this devdopment work ap¬ 
parently is a desire to use 
much Mgher steam pressure 
without materially increasing the cost of the boiler 
unit. 

The use of heat accumulators such as the installa¬ 
tion in Charlottenburg, Germany, apparently has 
made little progress. While this installation suc¬ 
cessfully handles peaks of certain dtuution, ap¬ 
parently the initial cost, space required, and low d- 
fidency are factors that are retarding this devdop¬ 
ment. 

There is nothing especially new in the switch 
house. The general practice in England, largdy 
because of the Board of Trade Rules, is the use of 
“iron-dad" switchgear placed indoors. European 
practice is similar to American. With few excep¬ 
tions, no fordgn switch house has to handle as large 
quantities of energy as do many American stations. 

VII^Developments in Hydroelectric Practice 

Progress in hydrodectric practice during the past 
2 years was foretold to a large extent in the 1931 re¬ 
port of this committee, when the impending de- 
vdopments in the use of the Raplan turbine in this 
country were ciisciissed. Other than this significant 
step there does not appear to be any distinctive in¬ 
novations of major importance in the designs of the 
hydrodectric projects placed in operation during the 
past 2 years. The probable future trend, if any, 
with regard to the type of propeller turbine that 
may be preferred for low head plants, however, is not 
yet dear. The Kaplan, or automatically adjusted- 
blade turbine, was installed in the Safe Harbor Plant 
on the Susquehanna River in Pennsylvania; man¬ 
ually adjusted-blade turbines in the Rock Idand 
Plant on the Columbia River in Washington; and 
fixed-blade turbines in the Chats Falls Plant on the 
Ottawa River in Canada. These plants are typical 
examples of the most recent use of propeller turbines 


for low head devdopments. A very interesting high 
head devdopment was placed in service on the 
Mokdumne River in California. The Arid Plant 
on the Lewis River, Washington, and the Wyman 
Dam devdopment on the Kennebec River, Maine, 
were representative of medium head designs and 
Splayed novel ideas in building and superstructure 
designs. 

Interest in cavitation investigations in this coun¬ 
try has continued largdy as the result of the in¬ 
creasing use of the propeller turbine in low head 
plants. Ibe first cavitation research laboratory in 
the United States was recently opened at the 
Massachusetts Institute of Technology, Cambridge, 
and there are now several commerdal and institu¬ 
tional laboratories equipped for making cavitation 
tests on modd runners. Testing of models of all 
important structures comprising a hydroelectric 
devdopment is now accepted practice, and is well 
exemplified by the extensive model studies made for 
the Boulder Dam on the Colorado River. The 
European practice of using multiple current meters 
distributed over the intake area for the fidd testing 
of hydraulic turbines, was introduced in the United 
States at the Safe Harbor plant, where the short 
length of intake passage was believed to render the 
commonly used methods of water measurement of 
doubtful value. 

The number of pumped storage developments on 
this continent is sma^ compared with those in 
Europe, but the possibility of regenerative pumping 
at the Safe Harbor plant by means of the dual use 
of the same unit as a turbine and a pump has been 
investigated recently. Turbine manufacturers have 
developed ruimers suitable for such dual use, and 
the electrical problems inddent to reverse operation 
at dther a similar speed or a dual speed appear pos¬ 
sible of ready solution. The limited practice here¬ 
tofore in this country has been to install a motor 
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driven pump entirely separate from the turbine- 
generator, although both pump and turbine are 
connected to the same penstock. The arrangement 
commonly found in Eiurope consists of a single elec¬ 
trical element used either as a generator or motor, 
with a permanently connected turbine on one side 
and a clutch connected pump on the other. 

Discussion of the economics of hydroelectric 
projects dining the past 2 years has been focused on: 
the determination of the cost characteristics of dif¬ 
ferent types of developments; the relative economy 
of water power as compared with steam power; 
the influence that the incremental cost of hydroelec¬ 
tric capacity has upon the size of devdopment; 
and the peak substitutional value of water power as 
compared with steam power on the available load 
curve. The latter 2 factors are of particular im¬ 
portance in the consideration of pumped storage 
and regenerative installations. 

Development of the Mokelumne River in Cali¬ 
fornia having a drainage area of 365 square miles, 
over a gross static head of 5,100 ft by means of 4 
plants in series on the flow line without appreciable 
intervening storage, may be the last high head de¬ 
velopment for some time on the Pacific Coast. 
The maximum flow used, 660 cfs, is 80 per cent of 
the average yearly stream flow, which is regi^ted 
almost completely by storage reservoirs having a 
volumetric capacity equal to Va of the volume^ of 
run-off. There are 3 impulse installations operating 
at gross heads of 2,089, 1,265, and 1,219 ft; and 2 
Francis wheel installations for heads of 285 and 245 
ft. One of the 5 main dams is the largest rock-fill 
dam in the world, having a height of 328 ft and a 
crest length of 1,300 ft. The peak capacity of the 
plant is 144,000 kw and will be used about 80 per 
cent of the time. 


The Rock Island plant on the Columbia River is 
the first major low-head run-of-river development 
on the Padfic Coast and also the first step in the 
development of the hydrodectric possibilities of the 
Columbia River. The drainage area above the 
plant is 90,000 square miles; maximum and mini¬ 
mum recorded flows have been 740,000 and 21,000 
cfs, respectively, and the mean flow is 121,000 cfs. 
The bead for the initial installation of 4 21,000-hp 
units is 32 ft; it will be increased to 48 ft with the 
addition of more units, of which there ultimately 
will be 12. Initial full draft water requirements 
are about 75 per cent of the miniTnum steady flow, 
and about 135 per cent of the lowest recorded flow. 
Because of the low- and varying-head conditions, 
manually-adjusted-blade propeller wheels were in¬ 
stalled; these have a diameta: of 223 in. and are the 
largest propeller wheels on this continent. The 
plant operates at a capacity use factor of about 90 
per cent, which, in comparison with the run-of- 
river plants in the eastern section of the United 
States, represents a relatively small capacity in¬ 
stallation witii respect to the minimum flow ca¬ 
pacity. 

The Chats Falls plant on the Ottawa River, 
Canada, is a low head development 53 ft, diowing 
a somewhat greater ratio of installed capacity to 
regulated flow capacity. The drainage area above 
the plant is 34,000 square miles, but because of the 
presence of numerous lakes the minimum dependable 
flow is now 22,000 cfs. The 8 28,000-hp fixed-blade 
propeller units require a full draft equsd to 2 times 
the TuiniTniim flow. This plant serves a large sys¬ 
tem that derives its entire supply of electric power 
from hydroelectric sources. 

The Safe Harbor plant on the Susquehanna River 
is notable for having the highest powered propeller 

turbines in the world, the units 
being rated at 42,500 hp under 
a head of 55 ft. The full draft 
requirement of the plant ioi- 
tiaJly is about 12 times the 
TntTiitnum regjdated flow; the 
yearly use factor will approxi¬ 
mate 50 per cent. The initial 
installation consists of 6 units, 
with head-works structures 
for 6 additional units. The 
hydraulic and electrical design 
anticipates the dual use of the 
tmits for generation and re¬ 
generative pumping; the plant 
will be the first low head de- 
vdopment planned for such 
operation, which is readily 
accomplished because the Safe 
Harbor plant discharges di¬ 
rectly into the pond formed 
by the Holtwood dam 8 miles 
farther down the river. The 
electrical layout in the plant 
provides for: 3-phase 60-cycle, 
and single-phase 25-cycle gen- 



Tiger Creek plant of the Pacific Gas & Electric Company on the Mokelumne 
River, Calif. This plant contains 2 double overhung impulse units operating 
on a head of 1,190 ft and driving 2 generators each rated 30,000 kva 
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eration; 60-cycle low voltage busses; and control of 
transformers placed above ^e bus galleries for step¬ 
ping up to 69 and 230 kv for transmission. The 
25-cycle generators will be the largest single phase 
waterwheel units in the country, having a rating of 
37,500 kva at 80 per cent power factor. High vol¬ 
tage switch yards for the control of outgoing 60- and 
25-cycle transmission lines will be placed on shore 
adjacent to the power house. Outdoor frequency 
changers rated at 25,000 kw, 80 per cent power fac¬ 
tor, wiU be installed below the bulkhead connecting 
the power house with the shore. 

The Ariel and Wyman Dam plants exhibit an in¬ 
teresting treatment of superstructure design, which 
in both plants consists of a low roof with removable 
hatches over the generators. Outdoor 2-leg gantiy 
cranes serve the generator areas; that at the Ariel 
plant is the largest outdoor power house crane yet 
built, having a span of 67 ft, a lift of 80 ft above crane 
rails, and a capacity of 350 tons. The Ariel plant is 
notable also for having the largest overhung genera¬ 
tor with revolving field installed to date; it is rated 
56,250 kva at 80 per cent power factor, 120 rpm. 
Other novel features of the Ariel plant are the loca¬ 
tion of a part of the power house upon a concrete 
ardi spanning a deep gut in the foundation rock, and 
the location of the control room in an adjacent but 
separate builddng. The drainage area above the 
Ariel plant is 733 square miles. One 55,000-hp 
170-ft-head unit has been installed initially; the 
complete plant will contain 4 units with the expecta¬ 
tion of using seasonal storage for low use-factor opera¬ 
tion. The Wyman Dam plant has an initial in¬ 
stallation of two 34,000-hp 135-ft-head units, with 
provision for a third unit ia the future. The use 
factor of this plant will be of the order of 45 per cpt. 

Records for maviTniim size and extreme conditions 
of installation of propeller turbines continue to re¬ 
main with Exuopean plants. Among the more 
notable are the following Kaplan installations: 


Plant 

Horsepower 

Head, 

Ft 

Runner 
Diam, In. 

Discharge, 

Cfs 

Speed, 

Rpm 

Vargon, Sweden.. 

Swir, Russia. 

Shannon, Ireland. 

...16,000. 

...37,600. 

...33,000. 

.. 14 . 

36.1. 
..106* . 

.316... 

.292:.. 

.161... 

...11,090_ 

...10,240_ 

... 3,040- 

... 46.9 

...76 

...167 


* Head initially is 82.25 ft. 
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98. Safe Harbor Project, N. B. Higgins. Trans. A.I.E.E., v. 62, March 
1933, p. 169. 

99. Segregation of Hydroelectric Power Costs, W. 8. McCrea, Jr. 
Trans. A.I.B.E., v. 62, March 1933, p. 1. 

100. Tacoma Completes Second Cushman Plant, V. Oongwer. Civil 
Engg., v. 1, Sept. 1931, p. 1106-10. 

101. White-Rapids Automatic Hydroelectric Station, H. W: Gochnauer. 
G. E. Rev., V. 34, Sept. 1931, p. 607-11. 

102. Wyman-Dam Dbvblopbibnt, Central Maine Power Cobipany, H. K. 
Fairbanks. Pwr. Plant Engg., v. 36, July 1,1982, p. 618-22. 


Hydroelectric Developments—Foreign 


103. Brinohausbn, Pubipbd-Storagb Hydro Plant Has Highest Head. 
Power, v. 73, May 19,1931, p. 782. 

104. Dogern on the Rhine, A. J. Luchinger. Pwr. Plant Engg., v. 36, 
Nov. 1932, p. 774-6. 

106. Hbrdbcks, the Largest Pubipbd-Storagb Hydroelectric Plant, 
W. Netoliezka. Power, v. 76, Feb. 2, 1932, p. 160-3. 

106. Hydraulic Practice in Europe, W. R. Angus. Trans. A.S.M.E., 
fHYD V. 64, Nov. 30, 1932, p. 123. 

107. Modernizing Trollhattan, Sweden's Largest Hydro Plant, 
G. Willock. Power, v. 76, June 21, 1932, p. 618-20. 

108. Research Institutb for Hydraulic Engineering and Water Power, 
Hunter Rouse. Trans. A.S.M.E., HYD v. 64, May 15,. 1932, p. 27. 

109. Ryburo-Schworstadt Hydroblectric Power Station. Engg., v. 134, 
Aug. 6,1932, p. 162-3. 

110. Waooital Pubipbd-Storaoe Hydroelbctric Scheme. Engg., v. 132, 
Sept. 4,1931, p. 292-4. 


tHydraulic division. 



Power Tremsmission and Distribution 

ANNUAL REPORT OF THE COMMITTEE ON POWER TRANSMISSION 

AND DISTRIBUTION* 


I N SPITE OF business conditions, power trans¬ 
mission and distribution activities have been 
maintained during the past year. Mu<i of the 
work of the power transmission and distribution com¬ 
mittee has been divided among and carried on by 
several subcommittees. Activities of these subcom¬ 
mittees during the past year are summarized briefly 
in this report. 

Steel Transmission Towers and Conductors ' 

The work of this subcommittee has been sub¬ 
divided into 3 groups covering: (1) steel towers, 
(2) Clearances and Electrical Characteristics, and (3) 
Conductors. The following items are under con¬ 
sideration. 

1. Hinged and rigid crossarms. 

2. Straiglit line compression formula for columns. 

3. Fatigue indications at clamps. 

4. Rotated towers. 

6. Recommended form for service records. 

6. Clearances as affected by heating of conductors. 

7. Vibration of transmission conductors. 

This subcommittee has been in touch with the 
investigation of embrittlement of hot dipped gal¬ 
vanized steel, which has been covered by a report to 
be’ found in Ihe: Proceedings of the American Society 
for Testing Materials, v. 32, Part 11, 1932. Study is 
now being given to prestretching of A.C.S.R. cables. 
A report entitled “Modem Steel Tower Transmission 
Lines” was published in Electrical Engineering 
for April 1933, p. 243. 

Distribution 

The subcommittee on distribution has been work¬ 
ing intensively on the preparation of a coSrdinated 
group of papers for a session at the 1934 winter con¬ 
vention. ’ It is proposed that this program will 
cover certain phases of the economics of dectric power 
distribution based upon actual areas in the districts 
of several operating power companies. 

Cable Developments 

The amount of new cable construction work during 
the past year has been rather limited. There have 
been no electrical failtures on any of the 132-kv oil 
Med cable lines operating in New York City and 
Chicago, HI. The experimental 132-kv lines in 
Chicago and Newark, N. J., have continued without 
incident for another year, except for one joint failure 

«COMMITTBE OH POWER TRANSMISSIOH AKD DISTRIBVTIOH: P. H. 
Chase, chairman; R. N. Conwell, vice-chairman; T. A. Worcester, secretary; 
P. £. Andrews, G. M. Armbrust, H. W. Bibber, D. K. BUke, B. S. Bundy, A. B. 
Campbell, C. V. Christie,W. A. Curry, O. G .C. Dahl, A. E. Davison, R. D. Bvans,. 
F. M. Farmer, C. L. Fortescue, T. H. Haines, Edwin Hansson, C. P. Harding, 
H. A. Hawley, L. F. Hickernell, C. R. Higson, J. P. Jollyman, A. H. Lawton, 
H. L. Melvin, J. S. Parsons, F. W. Peek, Jr., L. L, Perry, D. W. Roper, H. J. 
Scholz, H. R. Searing, A. B. Silver, D. M. Simmons, C. T. Sinclair, L. G. Smith, 
H. H. Spencer, Philip Spom, W. K. Vanderpoel, andH. S. Warren. 


in Chicago. Additional 35-kv oil filled cables have 
been installed in Los Angdes, Calif. 

The 2 outstanding high voltage submarine cable 
installations operating at 69-kv have continued in 
successful operation: one across the Ddaware River, 
n ea r Wilmington, Dd., of the “solid” type, for 
31/2 yrs; the other across the Columbia River, near 
Portland, Ore., of the oil filled type, for about 1 year. 

Two unusual submarine cable installations have 
been madp during the year. The first is across the 
East River, New York City, consisting of 14 cables 
each, 2,330 ft long, laid 2 at a time by a novd method 
of installation in a narrow trench, part blasted out of 
solid rock. Half of the cables are of the oil filled 
type and half are of the “solid” type. The other 
installation consists of 15 cables, installed 5 at a 
time , from the Hudson Avenue Station, Brooklyn, 
N. Y., across Wallabout Bay, each 3,300 ft long with¬ 
out joints, the cables all being of the “solid” type. 
Both installations consist of 3-conductor, 500,000- 
dr mil paper-insulated 27.6-kv cables. 

A recent installation of single-conductor 69-kv 
paper-insulated cable involves conductors 2,100,000 
cir mils in cross section; the skin effect was reduced 
by making the conductor out bf several sectors of 
stranded conductor, the sectors being lightly in¬ 
sulated from each other. The conductor is wrapped 
with copper tape to give a smooth dectrical surface. 

There has been considerable activity in the 
devdopment of cable without lead sheath for medium 
and low voltage distribution; this cable may be 
buried directly in the ground, or pulled into ducts. 

Interconnection and Stability Factors 

This subcommittee has been rdativdy inactive 
during the year because the joint intercoimection sub¬ 
committee, with which it was to cooperate, was not 
organized, the parent technical committees finding 
such organization utmecessary at this time. 

Standardizati on 

Standardization activities in the transmission and 
distribution field have been proceeding at a modest 
pace. National existing standards and national 
standardizing projects tmder way or to be initiated 
are, in common with other dectrical standards, bdng 
brought under the jurisdiction of Hit new Electrical 
Standards Committee. This committee has been 
organized to coordinate all standardization of a na¬ 
tional character in the dectrical fidd. The follow¬ 
ing is a brief r6sum6 of the more important recent 
standardization activities in connection with trans¬ 
mission and distribution: 

1. Parts I and II of the “Code for Protection Agsdns|t Lightning'* 
which is now an American standard, have been re^wsed by the 
sectional committee, these revisions are in process of approval by the 
American Standards Association. 
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2. The American Society for Testing Materials has issued "Ten¬ 
tative Specifications for Insulated Wire and Cable: Performance 
Rubber Compound.” 

3. Three preferred types of impulse test waves, namely, 1x6, 
1x10 and 1V2 x40m sec have been recommended by thelightning and 
insulator subcommittee of the power transmission and distribution 
committee for testing insulators. One of these standard waves, 
1 V»x40m sec, has been recommended by the transformer subcommit¬ 
tee of the A.I.E.E. electric machinery committee for testing trans- 
fomiers. 

4. An A.S.A. sectional committee on power switchgear has been or¬ 
ganized, and hereafter the various revisions of the A.I.E.E. stend- 
ards on switching apparatus will be made through that committee. 
A joint N.E.b.A.-N.E.M.A.-A.E.I.C. committee on oil circuit 
breakers was set up to crystallize idews with reference to stand- 
ai'dization of dimensions, duty cycles, ratings, etc. 

5. Specifications for weatherproof and for heat resisting wires and 
cables, and for impregnated paper insulation for wires and cables 
recently have been approved as American standards. The A.S.A. 
scvtion'al committee which has these and otter ^ndards in charge, 
has several otter wire and cable specifications in various stages of 
development. 

fi. Proposed American standard definitions of electrical terms in¬ 
cluding a comprehensive list of transmission and distribution terms 
have been published by the A.I.E.E. as a progress report. 


Lightning and Insulators 

Considerable progress has be^ made during the 
past year in placing impidse testing of insulators on a 
common basis. The 3 preferred test waves recom¬ 
mended by lightning and insulator subcommittee 
last year have been accepted generally as a basis for 
comparative tests of impulse strength of insulators, 
although in some laboratories, where difficulty was 
encountered in producing the sec wave, 

a 1 x6-m sec wave has been used with fairly coni- 
parable results where flashover takes place on the tail 
of the wave. 

In addition to agreeing upon and using^defined test 


waves in impulse testing of insulators, an important 
phase of the problem is the laboratory technique in 
making tests. Considerable study has been given 
this subject, and definite progress has been made. 

Field research of lightning on actual electric lines 
has been continued on a much restricted basis this 
past year. Lightning currents that have been meas¬ 
ured in steel towers have indicated crest magnitudes, 
in the upper ranges, of the order of 75,000 to 190,000 
amp. These figures suggest currents in the lightning 
stroke approacfeig such values. 

As foreshadowed in last year’s report, impulse 
tests on commercial transformers in the higher volt¬ 
age ranges now are being made in some cases by the 
manu facturer as part of the routine test procedure. 

During the past year the use of enclosed protective 
gaps has been furlJier tried out in an effort to take 
Hghtning disturbances off transmission lines without 
permitting sufficient power current to flow to cause a 
circuit interruption. Further operating experience 
will be required, however, before the reliability of 
these devices has been proved. 

From the limited experience so far available, the 
use of counterpoises (buried conductors) at tower 
bases appears to have considerable influence in reduc¬ 
ing H ghtning troubles on high voltage transmission 
lines. Here, again, more operating experience is 
necessary brfore general conclusions can be drawn. 

The continued interest of the members of the Insti¬ 
tute in the power transmission and distribution field 
is a source of great gratification to the power trans¬ 
mission and distribution committee. The successful 
functioning of the committee's activities is in large 
part attributed to the subcommittee organization 
and to the initiative and interest displayed by the 
members. 


Protective Devices 

ANNUAL REPORT OF THE COMMITTEE ON PROTECTIVE DEVICES* 


T he committee on protective devices has 
been active during the year in connection with 
the sponsoring of papers for the various con¬ 
ventions, the preparation of reports, the revision of 
present standards and the preparation of new stand¬ 
ards. The organization of the committee consisted 
of 4 subcommittees, as follows: fault current limiting 
devices; lightning arresters; oil circuit breakers, 
switches, and fuses; and relays. 

Fault Current Limiting Devices 

There has been comparatively little activity in 
fault current limiting devices recently, though it is 

*COMMITTi^ OH PROTECTIVE DEVICES! R. T. Hennr, chairman; H. P. 
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H. W. ColUns. A. W. Copley, W. S. Bdsall, J. H. Foote, S. L. Ooldsborough, 
S' M. Ilamill, Jr., T. G. LeClair, J. P. McKeorid, H. A. McLaughlin, D. M. 
Fetter, H. J. Scholz, H. K. Sels, L. G. Smith, E. R. Stauffacher, H. R. Summer- 
aayes, B. F. Thomas. Jr., O. C. Traver, E. M. Wood, and H. B. Wood. 


the intention of the committee to carry on the in¬ 
vestigation of the Peterson coil or arc suppressor. 

Lightning Arresters 

The li ghtning arrester subcommittee, working 
jointly with the N.E.L.A. subject committee on 
li ghtning arresters, has prepared a report covering 
“Present Practice in Installation and Performance of 
High Voltage Lightning Arresters”; this was pre¬ 
sented at the 1933 summer convention (see Elec¬ 
trical Engineering, v. 52, June 1933, p. 394-400). 

Oil Circuit Breakers, Switches, and Fuses 

The subcommittee on oil circuit breakers, switches, 
and fuses has been active in the preparation of a 
standard for fuses above 600 volts. There has been 
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some difference of opinion regarding the basis of 
current rating. A small but active minority of the 
engineers in Ihe United States have advocated rating 
fuses on an intermediate value that is neither the 
canying capacity nor the blow-out current. This 
subcommittee has investigated this question and 
finds an almost ixnanimous agreement throughout the 
United States and Canada in fa,vor of rating fuses on 
the basis of carrying capacity; the proposed standard 
provides for rating fuses on this basis. This stand¬ 
ard has been recommended for publication in report 
form. 

The subcommittee also has in preparation a stand¬ 
ard for disconnecting, hom-gap, and knife switches, 
but this is being held back pendfing completion of the 
work on cobrdination of insulation. 


Relays 

The relay subcommittee has reviewed the report 
on A.I.E.E. Standards No. 23 for relays which has 
been published in report form, and, after making cer¬ 
tain additions and revisions, has recommended the 
adoption of this .report as a permanent A.I.E.E. 
Standard. The relay subcommittee also has studied 
modem methods of protecting apparatus and has 


prepared a report giving the consensus of opinion of a 
large number of engineers. This material was 
presented at the 1933 winter convention (see 
“Recommended Practices for the Protection of Elec¬ 
trical Apparatus” Electrical Engineering, v. 
51, December 1932, p. 829-34). 

The principal developments in protective devices 
during the year have been on circuit breakers and 
relays. Further developments and improvements 
have been made on circuit breakers, principally 
along the line of higher operating speed and improved 
arc extinguishing characteristics. Further develop¬ 
ments and improvements have been made on relays, 
particularly along the lines of higher speed and 
improved selectivity. Among recent developments 
in relay schemes are schemes using positive or nega¬ 
tive phase sequence voltages or currents, and im¬ 
proved pilot relay schemes using communication 
circuits and carrier current circuits. 

Among the principal activities for the coming year 
is the revision of the duty cycle for oil circuit breaker 
interrupting rating. The joint N.E.L.A.-A.E.I.C.- 
N.E.M.A. committee on oil circuit breakers presented 
a report at a meeting in Detroit, Midi., on April 5, 
1933, which probably will be the basis of a revision of 
the duty cyde and of the derating factors for various 
operating duties. 


T ransportation 

AJVNUAL REPORT OF THE COMMITTEE ON TRANSPORTATION* 


T he PRINCIPAL DEVELOPMENT of the 
past year in the field of heavy electric traction 
was the progress made by the Pennsylvania Rail¬ 
road on its project for complete electrification of its 
lines between New York City and Washington, D-. C. 
Electrical operation of passenger trains between 
New York and Philadelphia was begun on January 
16, 1933, and since then has been extended to cover 
all New York to Philadelphia passenger service and 
also the New York to Washington passenger service 
as far as Wilmington, Dd. Power is supplied from 
the railroad company’s generating station in Long 
Island City, N. Y., and from 2 frequency converter 
stations of the Philadelphia Electric Company. In 
the more recent of these stations the converter units 
are not placdl in a building but are protected by steel 
housings, the installation being similar to, but larger 
than, that made by the same company to supply the 
Reading Conipany’s dectrification. Single-phase 
transmission lines, generally 4 in niunber, suspended 
from tall H-section poles (which also support the 
catenary system) carry this 25-cyde power at 

»C01ISaTTEE OR TEARSPORTATIOR: B. L. Moreland, chairman; H. L. 
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132-kv to step-down transformer substations, spaced 
from 7 to 10 miles apart along the right-of-way, 
from which the 11-kv contact wires are energized. 
Be^een New York and Wilmington and in the 
Philadelphia suburban zone approximately 72 loco¬ 
motives and 382 multiple unit motor cars were 
in service on April 1, 1933. Including the Long 
Island lines, the Pennsylvania system now has 1,450 
miles of electrically operated track. 

The Reading Company completed the dectrifica¬ 
tion of its Norristown and Chestnut Hill branches, 
and began electrical operation over them on February 
1, 1933. Thus 46 track miles, on 22 miles of route, 
have been added to the mileage over which dectrical 
operation was begun in 1931. A description of this 
electrification is contained in a paper at the 1932 
A.I.E.E. Pacific Coast convention (see “The Read¬ 
ing Railroad’s Suburban Electrification” by G. I. 
Wright, Electrical Engineering, v. 52, March 
1933, p. 155-61). 

The New York Central Railroad continued work 
on its “West Side Improvements,” to remove its 
freight tracks from the streets of New York City 
south of 60th Street. 

The Atchison, Topeka, and Santa Fe Railroad 
placed in service a 900-hp articulated gasoline- 
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electric rail car, made up of 2 sections, the forward 
part carr 3 ^g the engine, generator, and other equip¬ 
ment, while the other is divided into passenger and 
baggage compartments. This is the most powerful 
unit of this type that has been built. It can reach a 
speed of 80 mph on level tangent track and has 
sufficient power to handle 4 trailing coaches. 

ofl-electric rail car of 600 hp has been built, 
which is capable of a speed of 80 mph and c^ 
haul 3 coaches. It weighs 104 tons and carries 2 
300-hp diesel engines with direct-connected genera¬ 
tors and 4 traction motors. Manufacturers state 
that they are now prepared to furnish units of this 
type wiA a capacity as high as 1,000 hp. 

Urban Transportation 

The New York City Board of Transportation on 
September 10, 1932, placed in operation the first 
section of the City’s independent subway system, 
this route being the Eighth Avenue subway, under 
the westerly side of Manhattan from Fulton Street 
to 207th Street. During 1933, operation has been 
extended from Fulton Street, Manhattan, under the 
East River to Bergen Street, Brooklyn; from 155th 
Street under Grand Concourse to 205th Street, 
Bronx; and from 53rd Street under the East River 
to Roosevelt Avenue, Queensborough. 

In Philaddphia adffitional sections of subway have 
been placed in operation. 

Additional cities have installed trolley busses so 
that at the dose of 1932 it was reported that 280 
busses were in operation in 20 dties in the United 
States (mduding Manila) over approximately 270 
miles of route. 

In the continumg work of devdoping an improved 
street car desi^, attention is being given to the 
dimination of vibration by using resilient wheds and 
rubber cushioning instead of sted springs in trucks. 
Another feature being devdoped is an eddy-current 
drum-type brake, incorporated in the motor frame, 
which win use power from the trolley. Hydraulic 
brakes will supplement these brakes at low speeds 
or when power is not available. 

Railway Signaling 

fiignftlifig construction was much reduced during 
the past year, attention being given prindpally to 
ptnall installations of automatic interloc^g and 
centralized traffic control offering substantial econo¬ 
mies in operation. 

The first application of centralized traffic control 
to subway operation is being made in the extension 
of the Philadelphia system. A central plant at 
Market Street Station will control all the emergency 
crossovers on the new line, individual interlocking 
plants at the crossover locations being unnecessary; 
tihis central plant will permit cornplete conteol of all 
switching and traffic movement in its territory, be¬ 
sides furni shing visual indication of the position of 
trains on an illuminated track modd and also making 
a permanent record of train movements on ^ auto¬ 
matic graphic recorder. This installation is note¬ 


worthy because of the density of traffic involved and 
because of modifications of design so that alternating 
current is used exdusively in its operation. 

Signal engineering frequently must overcome 
difficulties presented by new devdopments in other 
lines of transportation activity. In the New York 
terminal zone of the Pennsylvania Railroad some 
tracks have been equipped with overhead contact 
system as weU as third rail, and now are utilized for 
both 11-kv single-phase and 600-volt d-c operation. 
Saturation effects of the direct current in the alter¬ 
nating-current locomotive and substation trans¬ 
formers produce harmonics which interfered with 
the proper functioning of the 100-cycle track circuits 
controlling the wayside signals and the locomotive 
cab signals. This difficulty was overcome by reduc¬ 
ing the signal circuit frequency in this area to 91 Vs 
cydes and by modifying the design of the cab signal 
apparatus so that it \^1 function properly at the 
lower frequency while in the terminal zone and also 
at 100 cydes on other sections of the road. 

Another problem has been presented by the opera¬ 
tion of Ught-wdght rail cars, particularly those with 
rubber-tired or rubber-cushioned wheels, since they 
do not provide the low resistance connection between 
the rails required for shunting signal track circuits. 
This problem has been solved by utilizing a high 
frequency alternating current which is generated on 
the car, passed through step-down transformers 
having low resistance secondary windings, and then 
applied to the track by means of rail brushes on 
rubber-tired cars or through collector rings on the 
sted tires of rubber-cushioned wheels. The alter¬ 
nating current br eaks down the high-resistance film 
on the rail surface and a low resistance path through 
the transformer secondaries thus is provided for 
shxmting the track circuits. 

Marine Transportation 

The most notable application of turbine-dectric 
drive to new ships in the past year was in 6 vessds 
built for the United Mail Steamship Company (a 
subsidiary of the United Fruit Company). Each of 
these has 2 tnain turbine-generators, each rated at 
4,200 kw, 3,500 rpm, 3,150 volts, 3-phase, unity 
power factor, which furnish power for 2 5,250-hp 
125-rpm s 3 nichronous propdling motors. Extensive 
use is made of dectridty to operate the auxiliaries in 
the engine rooms, ven^ating fans, etc., throughout 
the ships, and all of the dedc machinery. 

The Manhattan, largest liner ever built in 
Ann^rirfl. , while driven by geared turbines, has ex¬ 
tensive electrification of auxiliary machine^ and of 
miscellaneous services throughout the diip. Four 
500-kw turbine-generators supply 383 motors total¬ 
ing nearly 4,000 hp, in addition to 1,200 fans in 
living quarters, 8,387 lamps, electric cooking ap¬ 
paratus suffident for the preparation of 5,000 meds 
per day, deqtric docks, automatic steering, radio, 
sound motion picture machinery, and many other 
applications. A 75-kw diesd engine driven unit 
also is provided for emergency use. 
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The 3 sister ships of the Matson Line, the Mari¬ 
posa, the Monterey, and the Lurline, are eqtdpped 
similarly, each having 4 500-kw turbine-generator 
sets and one 30-kw diesel engine-generator set, for 
supplying power apparatus totaling 2,600-kw, and 
lighting units, 230 kw. 

Four new ships built for the Grace Line, to be used 
in its intercoastal service via the Panama Canal, 
also have direct geared-turbine drive; but their 
auxiliaries have been completely electrified, as have 
those on the so-called “Seatrains” operating between 
New York City and EEavana, Cuba. These vessels, 
built to transport loaded freight cars, are noteworthy 


as the first ocean going ships on which a-c motors are 
used exclusively. 

Vertical Transportation 

The central tower of the Rockefeller Center (which 
is now New York City’s largest building) ^though 
exceeded in height by the Empire State Building, is 
equipped with 74 elevators, capable of the highest 
speed now permitted, namely, 1,200 ft per minute. 
On part of these elevators an interesting applica¬ 
tion of photoelectric cells functions to prevent 
closing the high-speed power-operated doors while a 
passenger is entering. 



Report of the Board of Directors 

FOR THE FISCAL YEAR ENDING APRIL 30, 1932 


The Board of Directors of the American Institute of Blectrical Engineers presents herewith to the 
membership its forty-eighth Annual Report, for the fiscal year ending April 30, 1932. A general balance 
sheet showing the condition of the Institute’s finances on April 30,1932, together with other detailed fitianrial 
statements, is included herein. This report contains a brief summary of the principal activities of the 
Institute during the year, more detailed information having been published from month to month in Elec¬ 
trical Engineering. 


Death of F. L. Hutchinson, National Secretary 

The Institute suffered a serious loss in the death, on 
February 26, 1932, of Mr. F. L. Hutchinson who had 
served as a member of its headquarters staff for 
twenty-eight years, during the last twenty of which he 
the National Secretary. Information regarding 
his career was published on pages 202-203 of the 
March issue of Electrical Engineering and on 
page 227 of the April issue. 


Directors* Meetings.—^The Board of Directors 
held six meetings, four in New York, one at Ashe¬ 
ville, N. C., and one at Kansas City, Mo. The 
Executive Committee held a meeting in March, this 
being substituted for the regular March meeting of 
the Board, and acted upon various matters between 
Board Meetings. 

Information regarding the more important activi¬ 
ties of the Institute whidh have been under considera¬ 
tion by the Board of Directors, the committees, and 
the various officers is published each month in the sec¬ 
tion of Electrical Engineering devoted to “News 
of Institute and Related Activities.’’ 

President’s Visits.—President Skinner attended 
the two national conventions and two District meet¬ 
ings since the beginning of his administration, and 
visited a large number of the Sections. 

The following is a list of places visited in addition to 
many trips to Institute headquarters in New York: 
Regina, Sask., and Vancouver, B. C., Canada; 
Seattle, Wash.; Portland, Ore.; Lake Tahoe (Pacific 
Coast Convention), Los Angeles, and San Francisco, 
Calif.; Salt Lake City, Utah; Denver, Colo.; Omaha, 
Nebr.; St. Louis and Kansas City (District Meeting), 
Mo.; Charlottesville, Va.; Washington, D. C. (A.E.C. 
Meetings); Detroit, Mich.; Princeton University, 
N. J.; Jacksonville, and Gainesville, Fla.; Atlanta, 
Ga.; Memphis, Tenn.; Pittsburgh, Pa.; New York, 
N. Y. (including Winter Convention); Mexico City, 
Mexico; San Antonio, Houston, Dallas, and A. & M. 
College, T^exas; Oklahoma City, Okla.; Milwaukee 
(District Meeting), and Madison, Wis.; Minneapolis, 
Minn.; Iowa City, Des Moines, and Ames, Iowa; 
Chicago, and Urbana, Ill.; Indianapolis, Ind.; Phila¬ 
delphia, Pa.; and Akron, Columbus, and Clevel^d, 
Ohio. He attended the meeting of the American 
Association for the Advancement of Science, New 
Orleans, La., Dec. 28-Jan. 2, as a representative of the 
Institute. 


In connection with these visits, he spoke at a num¬ 
ber of meetings of neighboring Branches. 

In May and Jtme, President Skinner’s visits will in¬ 
clude the Nordi Eastern District Meeting in Provi¬ 
dence, the Summer Convention in Cleveland, and 
other Sections. 

Meetings.—^Three national conventions and two 
District meetings were held during the year, and a 
brief report on eadi is given below. The North East¬ 
ern District Meeting held in Rochester, New York, 
April 29-May 2, 1931, was included in last year’s 
report. 

Aimual Meeting.—^The Annual Business Meeting 
was held at the Grove Park Irm, Adieville, N. C., on 
Monday morning, June 22, 1931, during the annual 
Summer Convention. The Annual Report of the 
Board of Directors for the fiscal year ending April 30, 
1931, was presented, and the Tellers Committee made 
its report upon the election of ofificers for the adminis¬ 
trative year beginning August 1,1931. 

Summer Convention.—^The forty-seventh annual 
Summer Convention was held at Asheville, N. C., Jtme 
22-26, 1931. Thirty-two papers were presented at 
seven technical sessions, and printed copies of seven¬ 
teen technical committee reports were available. The 
annual Conference of OfiScers, Delegates, and Mem¬ 
bers, under the auspices of the Actions Committee and 
the Committee on Student Branches, was held on 
Monday, June 22, and Tuesday, June 23; and fifty- 
two Section delegates, all of the ten District Secre¬ 
taries, and eight Counselor delegates were present. 
The enterta inm ent features included golf and tennis 
tournaments, a dinner, a banquet, apd various trips. 
The Lamme Medal, awarded by the Institute, was 
presented to Dr. William J. Foster at the Aimual 
Business Meeting. More than 500 members and 
guests attended the convention. 

Pacific Coast Convention.—^The twentieth Pacific 
Coast Convention was held at Lake Tahoe, California, 
August 25-28, 1931. At four technical sessions, 
seventeen papers were presented. Twelve technical 
papers by students were presented at two additional 
sessions. The program iududed various social events 
and trips. The registration was 247. 

Winter Convention.—^The twentieth Winter Con¬ 
vention was held in New York, January 25-29,1932. 
Sixty-three papers were presented at fourteen sessions. 
At an evening session, the John Fritz Medal was pre- 
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sented to Dr. Michael I. Pupin, and the Edison Medal 
was presented to Dr. E. W. Rice, Jr. Numerous in¬ 
spection trips, a smoker, and a dinner-dance were held. 
The registration was 1429. 


District Meetings 


District No. Location 

Dates 

Papers 

Registration 

7.Kansas City, Mo... 

...Oct. 22-24,1931.. 

...18... 

....411 

5.Mil-vraukee, Wis.... 

...Mar. 14-16. 1932.. 

...16... 

_552 


Papers were presented at District meetings by stu¬ 
dents as follows: Kansas City 10 and Milwaukee 10. 
A Conference on Student Activities was held at each 
of the two meetings listed above. 

Sections.—Nearly all Sections carried on a normal 
amount of activity, and the programs included the 
usual wide variety of interesting and important sub¬ 
jects. 

The formation of a Montana Section was authorized 
by the Board of Directors on Jime 24, 1931, and the 
Section was organized in the summer with the entire 
state as its territory. This brought the number of 
Sections to 60. 

The group activities of the Chicago and New York 
Sections were continued v^ith excellent results. 

The Chicago Section and other local engineering 
groups continued the arrangements for post-college 
education of engineers which were begun in 1929. A 
review of these activities was published on pages 280— 
81 of the April issue of Electrical Engineering. 

President Skinne r visited a large number of Sections 
(see names under heading “President’s Visits”), and 
will visit others later. 

Resolutions were adopted by the Board of Direc¬ 
tors, October 23,1931, urging the Sections to consider 
organizing engineers’ unemplo 3 unent reUef committees 
in cooperation with other engineering groups. Re¬ 
ports received from the Sections indicate that a large 
number of them have participated in the development 
of plans which seem adequate to meet the local needs. 

The excellent metiiods developed by many of the 
Sections for maintaining close contacts with neighbor¬ 
ing Student Branches have been continued, and the 
results become increasingly apparent as more and 
more of the students who have p^dpated in them 
become active members of the Sections. 

Student Activities.—^The interest in the Student 
Branch activities which has been so marked for the 
last two or three years is still as lively as ever, as is 
evidenced by the number of meetings held and the 
large number of student papers delivered. There is 
no doubt that this form of activity of the Student 
Branches, if continued, is destined to produce dectri- 
cal engineers who can write good technical papers and 
present them dearly and effectivdy. 

In addition to attempting to give the electrical en^- 
students training and acquaintanceship with 
the activities of the Institute while they are still in 
college, the Committee on Student Branches has also 
for a year been working on the problem of improving 


the grade of student who applies for courses in dectri- 
cal engfineering in the educational institutions. This 
year the committee prepared a thirty-two page book¬ 
let describing the various kinds of work which elec^- 
cal engineers are doing and giving the characteristics, 
training, and education which a young man should 
have in order to become an dectrical engineer. The 
objects of this booklet are to encourage tho^ who 
sboiild go into this branch of engineering and discour¬ 
age those who are unfitted. 

Following a distribution of two copies of this booklet 
to each of a sdected list of fifteen hundred of the lead¬ 
ing high schools in the coimtry, and single copies to 
Section and Branch officers and Branch Counsdors, 
requests for about nine thousand copies were received. 
Because of the widespread and enthusiastic approval 
which this booklet received, the Board of Directors 
authorized the printing of an additional ten thousand 
copies. 

The Engineering Foundation is preparing to pub¬ 
lish a pamphlet containing information on the main 
divisions of engineering. The Committee on Student 
Branches has contributed the chapter on electrical 
engineering. 

For some time the committee has been at work upon 
ways and means of getting Student Branches inter¬ 
ested and informed upon the problems of safety. 
Plans for this work are nearly completed, and are 
about to be launched. 

Section and Branch Statistics 


For Fiscal Year Ending 

April 30 April 30 April 30 April 30 
1026 1928 1030 1932 

8BCTIOMS 

N 4 tmber of sections. 51... 52... 56... 60 

Number of Section meetings held. 405... 431.., 480... 497 

Total attendance.58,959.. .64,'276.. .84,615.. .105,325 

BBANCHBS 

Number of Branches. 86... 96... 106... 109 

Number of Branch meetings held. 714.., 915.,. 1,009... 1,135 

Total attendance...35,270.. .44,334.. .50,401... 54,107 


Technical Program Committee (Formerly Meet¬ 
ings and Papers Committee).—The more important 
activities of the Technical Program Conamittee for the 
year 1931-32 have been the arrangement of technical 
programs for national conventions, coSperation with 
District conomittees in arranging programs for Dis¬ 
trict meetings, and review of technical papers. 

As an aid to judgment in arranging technical pro¬ 
grams, an analysis was made dtuing the year of the 
character of the material presented during the pre¬ 
ceding three years. This ^owed that some subjects 
lad been accorded very little attention in Institute 
papers in comparison with others. For example, con¬ 
sidering only national conventions for the three-year 
period, the analysis showed that there were 62 and 50 
papers, respectively, on Power Transmission and Dis¬ 
tribution, and Electrical Machinery, while there was 
but one paper on Education, none on Electrochemistry 
and Electrometallurgy, and but three on the Produc¬ 
tion and Application of Light. In view of this, the 
Conamittee endeavored more fully to meet the broad 
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needs and interests of the membership by encouraging 
greater activity in the fields that had been receiving 
rdativdy little treatment. 

Gratifying results were experienced from the Com¬ 
mittee’s efforts to plan programs earlier than had been 
practicable in the past and to obtain authors’ manu¬ 
scripts weU in advance of the meeting for which they 
were proposed. 

In the interest of the Institute, as well as of the 
papers themselves, the Committee sought the codpera- 
tion of authors in keeping technical papers as short as 
was consistent with an adequate treatment of the sub¬ 
ject discussed. As a consequence, the average length 
of convention papers last year was more than half a 
page shorter than in the previous year. The con¬ 
ciseness of the papers resulting from this abridgment 
has, it is believed, contributed to wider attention to 
them on the part of the membership, and it has also 
permitted the publication of a larger number of papers 
than would otherwise have been possible. Budget 
limitations did not, however, permit the publication 
•of all papefs offered and the presentation of papers 
without publication was encouraged. In some cases, 
authors of papers provided preprints for the use of 
those attending the meeting. 

An effort was made to improve the general interest 
in technical sessions, particularly at national conven¬ 
tions, by assisting the authors to become thoroughly 
informed regarding the material and method of pres¬ 
entation winch would be most interesting with due 
regard to the time available for presentation. 

The Committee reviewed 210 papers during the 
year, of which 163 were presented. Others ^e await¬ 
ing scheduling for further meetings. Of the total 
number, 113 have been recommended for publication 
in Transactions and several for publication in Elec¬ 
trical Engineering. Only a few of the papers sub¬ 
mitted were rejected. 

Three national conventions and two District meet¬ 
ings were held during the year. A total of 163 papem 
were presented, including 17 annual reports of techni¬ 
cal committees, as compared with a total of 229 papers 
presented last year. This decrease is due largely to 
the fact that only two District meetings were held as 
compared with five in the previous year. The attend¬ 
ance at the three national conventions was about 25 
per cent less than it was during the preAUOus year, but 
the Summer and Pacific Coast Conventions were held 
in relativdy sparsdy populated sections of the coun¬ 
try. The Winter Convention attendance showed only 
an 11 per cent decrease from that for the prmous 
year, which was good in the light of present conditions, 
pp tails regarding the attendance and numbers of 
papers presented at the various meetings are given in 
the accompanying.table. 

In order to permit the greater part of the tme avail¬ 
able for Technical Program Committee meetings to be 
devoted to the discussion and consideratioij of broader 
matters, the chairmen of the techni c al committees 
crystallized the programs for the sestions they were 
sponsoring prior to the committee meeting and the In¬ 
stitute Headquarters staff prepared in detail the pro¬ 
grams proposed for the different meetings. 


On the whole, good progress was made in the Tech¬ 
nical Program Committee work. The opportunities 
presented at the committee meetings for the broader 
consideration of the more important problems in¬ 
volved in the Committee’s work marked a distinct 
step forward. Record is here made of the effective 
work and splendid coSperation throughout the year by 
both the technical committees and the Headquarters 
staff. 

ATTENDANCE AND NUMBERS OF PAPERS PRESENTED AT 
CONVENTIONS AND MEETINGS 

May 1, 1931. to Apric 30. 1932 


No. 

papers 


No. 

papers 

^ presented 

No. 

pages 

printed 

recom¬ 
mended for 
Trans. 

No. of 
sessions 

Attendance 

Nationai^ Conventions 
S ummer Convention, 
Asheville. N. C., June 
22-26. 

. 49*... 

... 367.. 

.31... 

.... 7.. 

. 642 

Pacific Coast Convention. 

Lake Tahoe. August 

26-28. 17_ 

... 168.. 

. 10... 

.... 4... 

. 247 

Winter Convention. 

New York, January 
26-29.... 

. 63.... 

... 411.. 

. 62.... 

....14.. 

_1.429 

Total......... 

.129_ 

... 946.. 

. 93.... 

,...26... 

_2,218 

District Mbbtinos 
S outh West District, 
Kansas City, October 
22-24. 

. 18- 

... 140.. 

. 10.... 

.... 4... 

. 411 

Great Lakes District, 
Milwaukee, March. 
14-16. 

. 16- 

... 113.. 

. 10.... 

.... 3... 

. 662 



.— 1 - 

— 


— 

Total. 

. 34_ 

... 263.. 

. 20.... 

.... 7.., 

_ 963 

Grand total. 

.163.... 

...1,199.. 

.113... 

....32... 

_3,181 


♦ Includes 17 Technical Committee Reports. 


Publication Committee.—Recognizing that the 
Institute, to keep growing, must" be aHve to the chang¬ 
ing requirements of its members; recognizing that the 
Institute’s activities and publications to serve ade¬ 
quately must be aUve to changing conditionsand 
recognizing that the monthly publication constitutes 
the ynairi channel through which institute members 
may conveniently and effectively keep informed as to 
current technical and professional developments and 
the Institute’s participation therein, the Committee 
selected the monthly publication as representing the 
logical field in which to pioneer the devdopment of in¬ 
creased and more effective publication service to mem¬ 
bers. As for the program embraced in the new publi¬ 
cation poHcy as adopted in 1930, comments received 
fr o m Institute members throughout the country have 
to the committee 1h.at Electrical Engi¬ 
neering for sixteen months (including April 1932) has 
been meeting with increasing effectiveness the require¬ 
ments of the dtuation. In sixteen consecutive issues. 
Electrical Engineering has carried to ^e member¬ 
ship comprehensive abstracts of 127 Institute papers, 
169 artides conveying either the entire or the essential 
substance of an equal number of Institute papem, 79 
timdy artides of a spedal character, sdected to give a 
better balance to the published material, 17 offi(^ 
reports of technical committees, and comprehensive 
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and timdy news reports of all Institute District meet¬ 
ings, conventions, and other important activities. 

With the April 1932 issue, still further physical im¬ 
provements were effected in Electrical Engineer¬ 
ing and ite production procedure. As a result of ^ 
exhaustive investigation conducted by the editorial 
staff, all the mechanical processes were consolidated 
and transferred to a new and larger plant removed 
from New York’s congested metropolitan area and de¬ 
voted primarily to scientific and technical periodicals. 
Also, new paper of high quality and softer finish was 
adopted to improve readability and materially reduce 
eyestrain resulting from reflected light. Of impor¬ 
tance and significance in connection with these im¬ 
provements is the fact that, at the same time, produc¬ 
tion costs were materially reduced. 

The monthly publication, Ek,BCTRiCAL Engineer¬ 
ing, is well understood to be one of the Institute’s most 
important services to its every member. Therefore, 
its publication committee and staff are determined to 
leave untried no efforts that may make this service 
more widely useful and more defimtely valuable. It 
will continue to pioneer the way in the direction of 
greater and more effective publication service to In¬ 
stitute members. 

Other matters, of course, have occupied the Corn- 
mittee’s attention, including more or less routine in 
connection with the publication of Transactions and 
advance pamphlets. Transactions, of cour^, is now 
continuing as a quarterly publication providing the 
usual record publication for formally accepted Ii^ti- 
tute papers and related discussion. The advisability 
of continuing past practice in connection with the pub¬ 
lication of ^vance pamphlets has bwn questioned, 
fl.Tid the committee is undertaking to inve.stigate the 
situation thoroughly. Data are being collected and 
several experiments ^e under way or contemplated. 
For the present, however, no conclusions have been 
reached, and no change in policy has been made or 
recommended. Investigations are planned to be cm- 
ried forward in an effort to determine the possibilities 
for improved and better codrdinated publication 
service. 

Coordination Committee.^—In accordance with its 
past practice, the Committee corresponded with Dis¬ 
trict'and Section ofl&cers to obtain their views reg^d- 
ing national conventions and District meetings desired 
in their respective Districts dttting^e year 1933. The 
complete schedule of 1933 meetings which the Com¬ 
mittee recommended to the Board of Directors was 
approved on January 27,1932. 

After considering recommendations made at the 
Conference of Officers, Delegates, and Members, June 
23,1931, concerning methods of encouraging members 
who are qualified for transfer to the higho: grades to 
submit their applications, the Committee recom¬ 
mended the appointment of a national standing com¬ 
mittee on transfers and the encouragement of ^e ap¬ 
pointment by each Section of a suitable committee. 
These recommendations were approved by the Board 
of Directors on January 27,1932. The national com¬ 
mittee has been appointed, and many of the Sections 
have appointed their committees. 


The Committee recommended some revisions of the 
rules governing the award of national and DisWct 
prizes and these were approved by the Board of Direc¬ 
tors on January 27,1932. 

Various other matters referred to the Committee by 
the Board of Directors and the National Secretary 
were considered. 

Standards Committee.—During the past year, the 
Standards Committee has been engaged dhiefly in 
matters of coordination of going projects and revision 
of existing standards. In the development of new 
projects, the Committee has depended almost entirely 
on the technical committees of the Institute, and 
through tbpTn there has been presented a ntunber of 
revisions of exis ting standards, and one new project 
“Electrical Recording Instruments’’; also a subcom¬ 
mittee of the Standards Committee has developed a 
proposed “Standard for Relays.’’ One feature of par¬ 
ticular interest during the year was the publication of 
a report on a proposed “Test Code for Transformers,’’ 
which it is e3q)ected will be followed by test codes now 
being developed by the Committee on Electrical Ma¬ 
chinery for other types of apparatus. 

Standardization work in cbbperation with the 
American Standards Association has developed rap¬ 
idly. The plan for coQrdination of standardization 
activities in the entire electrical field, which^ was fos¬ 
tered by the Institute and calls for centralization in the 
Electrical Standards Committee, actually got under 
way in a meeting in October 1931, at which the Elec¬ 
trical Standards Committee superseded the Electncal 
Advisory Coinmittee. The Institute continued its 
representation on some thirty sectional committees, 
acting under the auspices of other sponsor organiza¬ 
tions, and holds sole sponsorship for eight projects and 
of a number of joint relationships. With regard to 
the joint sponsorship projects, it should be noted that 
there is a very definite tendency to urge that un¬ 
dertakings be placed under the sole sponsorship of the 
Electricsd Standards Committee, and in certain cases 
the Institute has agreed to this on the reconomenda- 
tion of the Standards Committee. 

Another trend now in evidence is indicated in the 
consolidation of sectional committees whose scopes 
cover dosdy related types of apparatus. Both of 
these movements, it is hoped, wfll tend to expedite 
work which has been slow in developing, laigdy be¬ 
cause of the complicated procedtue involved in plural 
sponsorships, and will also economize in the man-hours 
required to carry on the work. A number of sectio^ 
committees under A.I.E.E. sponsordiip or joint 
^onsordiip have submitted reports for approvd to 
A.S.A., notably “Mercury Arc Rectifiers,’’ “Scientific 
and Engineering Symbols and Abbreviations’’ and 
“Insulated Wires and Cables.’’ The report on the 
proposed American Standard for “Abbreviations for 
Scientific and Engineering Terms’’ which has been 
under discussion for some time, and was referred by 
the Board of Directors to the Publication Committee 
for final action, was approved by that body at its April 
meeting. Because of the large number of orgamm- 
tions interested and the immense amount of detail in- 
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volved, the Sectional Committee on Electrical Defini¬ 
tions found it necessary to postpone the issuance of its 
first report, and arrangements have now been made to 
make this very extensive project available in report 
form during the first half of this year. Finally, the 
Institute has referred to A.S.A. several of its existing 
Standards and Reports on Standards which have 
reached tlic point where it would seem they are 
ready for action by tlie Electrical Standards Com¬ 
mittee. 

Committee on Code of Principles of Professional 
Conduct.—A resolution adopted by the American 
Institute of Consultnig Enghieers condemning the 
practice of public officials and corporations in soliciting 
bids from engineers for services to be rendered and the 
practice of engineers of responding to such mvitations 
was referred to the Committee by the Board of Direc¬ 
tors. Upon the recommendation of the Committee, 
the Board of Directors adopted resolutions, at its De¬ 
cember 4, 1931, meeting, endorsing in principle the 
resolution of the American Institute of Consulting 
Engineers, and urging members of the Institute to op¬ 
pose such practices and to give their support to suit¬ 
able methods of emphasizing tlic importance of select¬ 
ing engineers on the basis of their qualifications for the 
work under consideration. (See Electrical Enoi- 
NEERiNO, January 1932, p. 55.) 

Committee on Legislation Affecting the Engi¬ 
neering Profession.—Upon the recommendation of 
the Special Committee on Institute Policies, and with 
the concurrence of Chairman Kidder of the Committee 
on the Engineering Profession, tlie name of the latter 
committee was changed by the Board of Directors to 
“Committee on Legislation Affecting the Engineering 
Profession,” and a new standing "Committee on the 
Economic Status of the Engineer” was appointed. 
This action was taken in order that the large number 
of important matters which would ordinarily come be¬ 
fore a committee dealing with the engineering profes¬ 
sion might be divided, thus enabling the committee 
now known as Committee on Legislation Affecting the 
Engineering Profes-sion to devote its principal efforts 
to those legislative activities which, as the name of the 
Committee implies, may have a bearing on the engi¬ 
neering profession. 

Committee on the Economic Status of the Engi¬ 
neer.—The appointment of this Committee was 
authorized by the Board of Directors, on June 24, 
1931, as a result of the recommendations mentioned in 
the preceding paragi-aph. _ 

The Committee recommended to the Board of Di¬ 
rectors the adoption of a resolution urging that all 
.Sections of the Institute codperate with other engi¬ 
neering groups in the formation of local engineers* 
committees to promote employment and the relief of 
unemployed engineers. The resolution was approved 
by the Board of Directors on October 23, 1931, and 
was transmitted to the Sections promptly. 

The Committee considered various other matters 
which had been referred to it. 


U.S. National Committee of the I.E.C.—The 
U.S. National Committee of the International Elec¬ 
trotechnical Commission has, during the past year, 
been reorganized for the purpose of making it ^ in¬ 
tegral part of the new scheme of standardization in the 
electrical industry which centers in the Electrical 
Standards Committee, In order to do this the power 
of appointing members of the U.S. National Com¬ 
mittee, whi<ffi was originally held solely by the 
A.I.E,E., but afterward by other constituents of the 
electrical industry as well, has been surrendered to the 
Electrical Standards Committee, except that the 
American Society of Mechanical Engineers continues 
to exercise its right of direct appointment. The mem¬ 
bership of the Committee as reorganized consists of, 
first, the members of the Electrical Standards Com¬ 
mittee, second, members appointed by the American 
Society of Mechanical Engineers, tibird, members 
selected by the Electrical Standards Committee in 
view of their knowledge and experience and compe¬ 
tency in the international aspects of electrical stan¬ 
dardization. 

It is believed that the new arrangement will be very 
advantageous, inasmuch as, through this direct affilia¬ 
tion witlr the E.S.C., the I.E.C. wiU look to that 
authoritative body as a source of advice and instruc¬ 
tions in regard to standardization in the electrical 
field. Furthermore, its technical work can be ex¬ 
ecuted to a large extent by existing sectional com¬ 
mittees or others to be appointed. Because of these 
facts and because of the official coimection thereby 
constituted between the U.vS.N.C. and the American 
Standards Association, whereby the machinery and 
the financial support of the A.S.A. become available, 
the U.S.N.C. will, it is believed, be able to operate 
more efficiently and to speak at international meet¬ 
ings with greater authority in regard to American 
matters. 

The following officers of the committee have been 
elected: 

C. O. Mailloux, Honorary President; C. H. Sharp, 
President; C, R. Harte and H. S, Osborne, Vice-Preri- 
dents; P. G. Agnew, Secretary; and J. W. McNair, 
Asst. Secretary. 

In technical matters the past year has seen meetings 
of two of the International Advisory Committees: 

1. The Advisory Committee on Electrical and Magnetic Magri- 
tudes and Units met in London in September last, reaffirmed the 
decisions reached at Oslo, 1930, on magnetic units which hM been 
questioned in certain quarters, and made arrangements for co- 
operation on tliese matters with a committee of the International 
Physical Union, 

2. The Advisory Committee on Lamp Caps and Sockets met in 
Cambridge, September 1931, and decided to recommend to the 
LE.C. that the American Standard dimensions for the Edison screw 
base and socket should be recognized as I,E.C. standards in addition 
to the corresponding standards already adopted at the Oslo meeting. 

At the request of the French National Gommittee, 
tlie U.S.N.C. fonned a committee for the purpose of 
organizing American participation in the Intenmtional 
Electrical Congress which is to be held in Paris, July 
4-12, 1932. This Committee, the Chairman of which 
is Dr. A. E. Kennelly, and the Secretary, Dr. H. 
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Pender, has arranged for a large number of important 
papers and reports from this country to be pre¬ 
sented at that Congress. As the first International 
Electrical Congress to be held since the St. Louis 
Congress in 1903, and marking the period of 50 
years since the first Electrical Congress, this Con¬ 
gress promises to be an important event in electrical 
history. 

Technical Committees.—Reports of technical 
committees embracing an outline of the year’s work 
and a summary of progress in the industry will be 
presented at the annual Summer Convention and 
printed in ELEcniiCAL Engineering and the Trans¬ 
actions. 

Membership Committee.—In the fall of 1931, the 
Membership Committee sent out the customary letter 
to all members of the Institute pointing out that dur¬ 
ing the coming year, probably more than at any other 
time, it was of utmost importance for every member 
loyally to support the activities of the Institute and to 
do his utmost in helping secure new members. Each 
member was asked to fill in a form giving the names of 
five prospects, and send it to the chairman of the 
membership committee of his Section, who.se name 
and address were given in an accompanying folder. 
This plan reduced the handling cost, and saved con¬ 
siderable time. Hence, it has been found more satis¬ 
factory than having the forms mailed to Headquarters 
for distribution to the Sections. 

In order to encourage each Section to establish some 
suitable S 3 ^tem for keeping records of members and 
prospects and for transferring accurate information to 
its incoming committee each year, the National Com¬ 
mittee distributed copies of a report explaining in de¬ 
tail the systematic and businesslike membership pro¬ 
gram adopted by the Pittsburgh Section several years 
ago, whi(± has been used very successfully. It was 
requested that each Section adopt some definite 
membership policy, the so-called “Pitteburgh Plan,” 
a modification thereof, or an entirely different 
method better suited to the particular requirements 
of the Section. 

The response to this request has been most grati¬ 
fying. Many of the Sections adopted the Pittsburgh 
Plan in its entirety, while others used modifications 
thereof. In addition, several Sections amplified the 
plan to include a definite procedure for ^licituig the 
advancement of qualified members to higher grades. 
It is the intent of the Committee to request a definite 
report from each Section as to the actual plan 
adopted, results obtained, and modifications sug¬ 
gested. It is hoped that from these reports the 
Membership Committee will be able to prepare a 
simple yet effective membership routine which will be 
submitted to the Institute for consideration as a 
national policy. 

Despite the general business conditions, 1,391 ap¬ 
plications for admission were received. The addi¬ 
tions to and deductions from the membership during 
the year are given in the following table. The total 
membership as of April 30 is 17,550. 


Honorary Fellow Member Associate Total 


Membership on April 30, 1931.. .10.761.3,848.13,725.18,334 

Additions: 

Transferred.12. 161. 

New members qualified. 2. 81. 1,094 

Reinstated.. 8. 24 


Total.10.766.4,098.14,843.19,716 

Deductions: 

Died. 1...... 17. 30. 67 

Resigned. 4. 82. 672 

Transferred... 9. 104 

Dropped.... 6. IOC. 1,118 


Membership on April 30, 1932... 9.738.3,871.12,932.17,660 


Deaths.—^The following deaths have occurred dur¬ 
ing the year: 

Honorary Member: Thomas Alva Bdisou. 

Fellows: Thomas U. Aldridge, Frank G. Baum, Bernard A. 
Behreiid, Joseph Bijur, H. Eugene Chubbuck, Charles L. Edgar, 
Joens E. Fries, Francis M, Hartmann, Carlyle I^ttredge, William E. 
Richards, Lewis.T, Robinson, Harold B. Smith, Samuel W. Stratton, 
I^wis S. Strong, Edward Taylor, Edward W. Trafford, Donald F. 
Whiting. 

Members: Edward G. Acheson, George M. Bates, Oliver J, 
Bu.shncll, Edward J. Condon, John R. Cowley, George G. Cree, 
Harry P. Davis, William I. Donshea, Benson 0. Ellis, William H. 
Femholz, John A. Foerster, Thomas Foulkes, Truman P. Gaylord, 
Brace H. Hamilton, Jesse Harris, Frederick L. Hutchinson, Jeremiah 
J. Kennedy, Gifford LeClear, Max Neuber, George M. Ogle, Harold 
G. Payne, William D. Pomeroy, C. M. Roswell, Herbert R. Row¬ 
land, Howard R. Sargent, William F. Smith, Hans C. Specht, Jay L. 
Stannard, Max Toltz, Alexander J. Wurts, 

Associates: Edward D. Adams, Cedric S. Anderson, Marvin C. 
Ansteth, Clark E. Baker, Willis PI. Banks, Joseph T. Blondin, James 
W. Brown, William H. Bullock, Roy R. Burkholder, William F. 
Callahan, Harold Calvert, Rufus N. Cliamberlam, Bradley L, Child, 
Isabelle W. Conlin, John B. Cornell, Delbert M. Cross, Charles 
Day, Alva C. Dinkey, Leslie C. Dobson, Clyde Drake, W. Bryan 
Duncan, Earl G. Eggler, G. H. Finks, Bruce Ford, Melville W. 
Fuller, Iwouis R. Gatchell, James J. Green, John P. Gregory, Stanley 
E, Heisler, Adolf O. Heyden, Horace Hinz, G. Vernon Hobbs, 
Engelhardt W. Plolst, Leslie Killain, John J. Larkin, Isaac N. Lewis, 
Edward K. Lewison, Henry Lieberman, John D. Lindstrom, Charles 
E. Long, Raymond S. Masson, Carl Leo Mees, J. Walter Miles, 
Joseph F. Morris, John D. Nies, Christian Nyholm, Jan D. Otten, 
W. S. Richmond, Amo A. Rohde, Charles F. Royce, Otto E, Vogt, 
D. A. Wadia, Cyril T. Wall, Lewis J. Wells. Bertram P. Wilber, 
Stanley Wokis, Edward O. Zwietusch. 

Board of Examiners.—The Board of Examiners 
held nine meetings during the past year, averaging 
about two and one-quarter hours. A total of 3,229 
cases were considered, divided as shown in the follow¬ 
ing table: 


Applications pok Admission 

Recommended for grade of Associate.1,326 


Not recommended. It 1,336 

Recommended for grade of Member. 70 

Not recommended. ^ 70 

Recommended for grade of Fellow. 2 

Not recommended. 1 3 

Recommended for enrolment os Students...... 1,636 

Applications po» Tkanspsr 

Recommended for grade of Member. 149 

Not recommended. ^ 106 

Recommended for grade of Fellow.. 7 

Not recommended. 2 9 

3,220 


Institute Prizes.—Four national prizes ($100 
each) and ten District prizes (125 each), for papers 
presented in 1930, were announced in the June 1931, 
issue of Electrical Engineering. The national 
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prizes were presented at the Summer Convention in 
Asheirille, and the District prizes were presented at 
various meetings in the respective Districts. 

Scholarships.—The governing bodies of Colum¬ 
bia University have placed at the disposal of the In¬ 
stitute each year a scholarship in electrical engineer¬ 
ing for each class. The awards are made annually 
by an Institute committee. Each scholarship pays 
$350.00 toward annual tuition, with provision for re¬ 
appointment. 

Complete details governing prizes and scholarships 
may be obtained by applying to the National Secre¬ 
tary of the Institute. 

Edison Medal.—^The Edison Medal, founded by 
associates and friends of Thomas A. Edison, is 
awarded annually by a committee consisting of 
twenty-four members of the Institute “for merito¬ 
rious adiievement in electrical science, electrical engi¬ 
neering, or the electrical arts.” The medal for 1931 
was awarded to Dr. Edwin Wilbur Rice, Jr., “for his 
contributions to the development of electrical sys¬ 
tems and apparatus and his encouragement of scien¬ 
tific research in industry.” The medal was pre¬ 
sented at the Winter Convention of the Institute, 
January 27, 1932. 

John Fritz Medal.—^The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of civil, mining, mechanical, and 
electrical engineers, awarded the twenty-eighth 
medal to Dr. Michael Idvorsky Pupin. 

Lamme Medal.—^The Lamme Medal was founded 
as a result of a bequest of the late Benjamin G. 
Lamme, Chief Engineer of the Westinghouse Electric 
& Manufacturing Company, who died on July 8, 
1924. The bequest provides for the award by the 
Institute of a gold medal (together with a bronze 
replica thereof) annually to a member of the A.I.E.E. 
“who has shown meritorious achievement in the de¬ 
velopment of electrical apparatus or machinery” and 
for the award of two such medals in some years if the 
accumulation from the funds warrants. 

The Lamme Medal Committee of the Institute 
awarded the fourth (1931) Lamme Medal to Mr. 
Giuseppe Facdoli, “for his contribution to the devel¬ 
opment and standardization of high-voltage oil-filled 
bushings, capacitors, lightning arresters, and numer¬ 
ous features in high-voltage transformers and power 
transmissions.” Arrangements are being made for 
tbe presentation of the medal at the annual Summer 
Convention at Cleveland, Ohio, June 20-24,1932. 

Commission of Washington Award.—^The Washr 
ington Award for 1932 was made to Dr. William D. 
Coolidge, “for his scientific spirit and achievement in 
developing ductile tungsten and the modem X ray 
tube.” 

The award is made annually “to an engineer who^ 
work in some special instance, or whose services in 
general have been noteworthy for their merit in pro¬ 
moting the public good,” by a committee composed 
of nine representatives of the Western Society of 


Engineers and two each from the A.S.C.E., the 
A.I.M.E., the A.S.M.E., and the A.I.E.E. 

Emplo3mieiit Service.—^The Institute cooperates 
with ^e national societies of civil, mining, and me- 
^anical engineers in the operation of the Engineer¬ 
ing Societies Employment Service with its main office 
in the Engineering Societies Building, New York. 
Ofiices are operated in Chicago and San Francisco 
also. In addition to the societies named, others co¬ 
operate in certain of the offices as follows: New 
York—Society of Naval Ardbitects and Marine En¬ 
gineers; Chicago—^Western Society of Engineers; 
San Francisco—California Section of the American 
Chemical Society, and the Engineers’ Club of San 
Francisco. 

The New York office has been cooperating closely 
with the Professional Engineers Committee on Un- 
emplo)mient which was organized in the fall of 1931 
by the local Sections of the A.S.C.E., A.I.M.E., 
A.S.M.E., ^d A.I.E.E. 

The service is supported by the joint contributions 
of the societies and their individual members who are 
benefited. As in the past, it consists principally in 
acting as a medium for bringing together the employer 
and the employee. In adffition to the publication of 
the Employment Service announcements monthly 
in Electrical Engineering, weekly subscription 
bulletins are issued for those seeking positions. 

American Engineering Council.—^This organiza¬ 
tion, now including in its membership twenty-seven 
national, state, and local engineering societies with a 
total membership of about 62,000, has continued to 
represent its constituents in matters affecting the 
public welfare and involving the engineering and 
allied technical professions. 

During the past year, recommendations were made 
concerning many bills presented in the Congress of 
the United States, and much attention was given to 
methods of reducing unemployment among engineers 
and to studies of &e causes which produced the de¬ 
pression. The Council had a representative on the 
President’s Emergency Committee for Employment. 
Its Committee on R^ef from Unemployment, and 
Committee on Relation of Consumption, Production, 
and Distribution presented comprehensive reports.. 
The Council sponsored the formation of Committees 
on Engineers and Employment which were organized 
in nearly all of the states. 

The Council’s many special committees include 
those on: Administration of Public.Works; Airports; 
Air Transport Service in Foreign Countries; Bridges; 
Communications; Competition of Governmental 
Agencies with Engineers in Private Practice; Corps 
of Engineers; Engineering Features of Public Domain 
Report; Engineers and Emplo 3 rment; Engineers 
Water Power Policy; Flood Control; Man-Hour. In¬ 
formation; Membership Contributions; Muscle 
Shoals; Naval Towing Tank; Oil Pollution of 
Streams; Patents; Reforestation; Relation of Con¬ 
sumption, Production, and Distribution; Represen¬ 
tation; Public Works; Street Traffic Signs, Signals, 
and Markings; and Water Resources and Control. 
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United Engineering Trustees, Inc.—^This organi¬ 
zation, formerly United Engineering Society, was set 
up by the four national societies of civil, mining, me¬ 
chanical, and electrical engineers to hold in trust and 
to administer for them the Engineering Societies 
Building, in which their headquarters are located, 
certain funds, and the Library. Its charter gives it 
broad powers for the advancement of the engineering 
arts and sciences. 

Extracts from the annual report of the United 
Engineering Trustees, Inc., were published on page 
285 of the April 1932 issue of Electrical Engi¬ 
neering. 

Engineering Foundation.—This department of 
United Engineering Trustees, Inc., was established in 
1914 by die national societies of civil, mining, me¬ 
chanical, and electrical engineers “for the further¬ 
ance of research in science and in engineering, or for 
the advancement in any other manner of the profes¬ 
sion of engineering and the good of mankind.” It 
was conceived by Ambrose Swasey, of Cleveland, 
Ohio, and he has made four gifts toward its endow¬ 
ment. The fund has been generously increased 
through the gifts of Edward D. Adams and others, 
and also through a bequest of the late Henry R. 
Towne. 

Appropriations have been made for various re¬ 
search projects and coSperation has been extended 
in others. 


Engineering Societies Library. --The Lilirary is 
administered as a free public library under the direc¬ 
tion of the Library Board of United Engineering 
Trustees, Inc., this Board being composed of repre¬ 
sentatives of the national societies of civil, tninitig, 
mechanical, and electrical engineers. 

The Library contains about 201),000 books and 
pamphlets. It receives regularly about 1,200 techni¬ 
cal periodicals in many languages, and about SOO ad¬ 
ditional publications issued irregularly. 

A staff of technically trained searchers and transla¬ 
tors is maintained. The staff is prepared to furnish 
the following types of service: photoprints, aUstracts, 
translations, bibliographies, searchers, etc. vSpei'ial 
arrangements have been made for lending books. 

Representatives. -The Institute has eontinued 
its representation upon various national committees 
and other local and national bodies with which it has 
been affiliated in past years. A complete list of 
representatives is published in the St;ptember atul 
January issues of Electrical Engineekinc!. 

Finance Committee. -During the year the Com¬ 
mittee has held monthly meetings, has passed upon 
the expenditures of the Institute for various pur{>oses, 
and otherwise performed the duties prest'ribed for it 
in the Constitution and By-Laws. 

Haskins & vSells, certified public accinmtants, have 
audited the books, and their report follows. 


Respectfully submitted for the Board of 1 lirectors, 

H. H. HEN LINK. 


May 20, 19.32. 


Assixlunt Natioml Secretary. 
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HASKINS ec SELI-S 

CERTIFIED PUBL.1C ACCOUNTANTS 22 EAST 40TH STREET 

NEW YORK 


May 17, 1932. 


American Institute of Electrical Engineers, 
33 West 39th Street, 

New York. 


Dear Sirs: 

We have audited your accounts for the year ended April 30, 1932, and 
submit the following exhibits and schedule: 

Exhibit 

A—^Balance Sheet, April 30, 1932. 

Schedule 1—Reserve Capital Fund—Securities, Less Reserve 
for Bonds of Doubtful value. 

B—Summary of Income and Surplus for the Year Ended April 30, 
1932. 

We hereby certify that in bur opinion Exhibits A and B set forth the 
financial condition of the Institute at April 30, 1932, and the results of its 
operations for the year ended that date. 


Yours truly, 

Hasions & Sells 



1128 


REPORT OF BOARD OF DIRECTORS 


Transactions'AJ.E.E. 


Exhibit A. 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Balance Sheet, April 30, 1932 


ASSETS 


Rical Estate: 

One-fourth interest in Land, Building, and Equip¬ 
ment of United Engineering Trxistees, Inc., 26 
to 33 West 39th Street (depreciation carried on 

books of the United Engineering Trustees, Inc.). 

Equipment: 

Library—Volumes and fixtures. $ 39,296.37 

Works of art, paintings, etc. 3,001.36 

Office furniture and fixtures. $ 32,341.64 

Less reserve for depreciation (includ¬ 
ing ($10,361.81 funded). 17,608.40 14,833.24 

Total equipment. 

Working Assets: 

‘"Transactions,” etc. $ 6,316.12 

Text and cover paper. 840.10 

Badges. $ 1,118.18 


Total working assets. 

Current Assets: 

Cash... 

Accounts receivable: 

Members—For dues. 

Advertisers.. ... 

Miscellaneous. 

Accrued interest on investments, 


$ 14,605.84 

34,344.70 

420.00 

2,412.46 

2,066.04 


Total current assets. 


$496,048.48 


57,130.06 


7.283.40 


64,648.73 


Funds: 

Reserve Capital Fund: 

Cash. 5^ 6.790.11 

Securities, less reserve for bonds of 

doubtful value—Schedule 1.... 186.386.76 $192,186,86 


Life Membership Fund: 

Cash. 

Chicago Burlington & Quincy Rail¬ 
road 4% bonds, 1968, registered, 

face value, $5,000.00. 

Accrued interest. 

International Electrical Congress of 
St. Louis—Library Fund: 

Cosh. 

New York City 4Vs% corporate 
stock, 1967, par value, $2,000.00 
New York Telephone Company 
4»/2% bond. 1939, registered, 

face value, $1,000.00.. . 

Accrued interest... 

Mailloux Fund: 

Cash. 

New York Telephone Company 
41 / 2 % bond, 1030, regi.slered, 

face value, $1,000.00. 

Accrued interest. 

Lammc Medal Fund: 

Cosh... 

Baltimore and Ohio Railroad Com* 
pany 6% refunding and general 
mortgage series "C” bond, 1996, 

face value, $4,000.00. 

Accrued interest... 

Depredation of Furniture and Fix¬ 
tures Fund: • 

Cash... 

Cleveland Union Terminals Com¬ 
pany 6% sinking fund series 
gold bonds, 1973, regis¬ 
tered, face value, $4,000.00.... 
Fidelity Union Title and Mort¬ 
gage Guaranty Company first 
mortgage certificates (on prop¬ 
erty, Nos, 75-70 Prospect Street, 
East Orange, N. J.) 6*/*%, due 
1033, face value, $1,000.00.... 
United Gas Improvement Com¬ 
pany $5.00 preferred stock, 20 

shares. 

Consolidated Gas Company of 
New York $5.00 cumulative pre¬ 
ferred stock, 30 shares. 

Total funds. 

Total. 


$ 6,360.00 

4.868.75 

33.33 11,261.17 

$ 1,371.00 
2,204.06 

878.76 

67.50 4,621.00 

$ 0.94 

1,000.00 

22.50 1.023.44 

$ 216.78 

4,330.00 

100.00 4.646.78 

$ 296.81 

4,010.00 

1,000.00 

1.006.00 

3,060.00 10,361.81 

. 223,900.96 


LIABILITIISS 

Current Liahilitibs: 

Accounts payable. $ 8,114.28 

Dues received in advance. 2,301.63 

Entrance fees and dues advanced by applicants 

for membership. 310.60 

Subscriptions for “Transactions” received in ad¬ 
vance. 126.00 

Total current Hnbilitics. $10,862.41 


Fund Reserves (Not Including Depreciation Reskevk): 

Reserve Capital Fund... $204,884.61 

I.ess provision for reserve for bonds 
of doubtful value. 12,698.76 $192,185.86 


Life Membership Fund.. 11,261.17 

Intcrnuttoual Klectricul Congress of 8t. Louis— 

Library Fund. 4,621.90 

Mailloux Fund. 1,023.44 

Lammc Medal Fund... 4,645.78 


Total fund re.serve.s (not inclitcling clepre- 

ciation reserves. 213,638.16 


Surplus, Per Fxluhit “B” 


$615,621.06 



$840,011.62 


$840,011.62 


Total. 
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Exhibit B. 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Summary op Income and Surplus for the Year Ended April 30,1932 


Income: 


Dues. 

Students’ fees. 

Entrance fees. 

Transfer fees. 

Advertising. 

’^Electrical Engineering” subscriptions. 

’’Transactions” subscriptions. 

Sales—Miscellaneous publications. 

Sales—Badges. $ 2.070.26 

Less cost. 2,176,82 


♦$226,246.37 

10,685.76 

5,987,60 

866.00 

62,048.07 

8,990.52 

12,766.87 

7,986.68 

UOS.57 


Interest on securities in reserve capital fund. 9,693,52 

Interest on securities in depreciation reserve fund,., 649.16 

Interest on bank balances. 619.67 


Total. 


$336,321.54 


Expenses: 

Publications: 

’’Electrical Engineering” 

’’Transactions”,. 

Technical papers. 

Year Book. 

Miscellaneous.. ., .. 


$ 85,838,06 
21,506,18 
18,616,00 
3,925.03 

3,366.85 $133,252.01 


Institute meetings... 14,841.15 

Administrative expenses. 58,147.21 

President’s special appropriation. 1,926.31 

Traveling expenses: 

Board of Directors. 6,056.50 

National nominating committee. 932.65 

Institute representatives. 45.00 

Sections... 35,463.39 

Geographical districts’ expenses: 

Traveling expenses: 

Executive committee. $ 2,595.51 

Vice-presidents. 828.13 

District best paper prizes. 100.02 

District prizes for initial paper... 75.00 3,598.66 


Branches. 15,154.36 

Membership. 7,452.26 

Finance. 386.02 


Total Income—(Forward). $335,321.64 

Expenses—(Forward). $276,255.52 

Code committee. 60.00 

Technical committees. 164.65 

Committee on legislation affecting the engineering 

profession... 501.60 

Headquarters committee. 360.60 

Standards. 7,133.33 

American Standards Association. 1.500.00 

United States National Committee of Interna* 

tional Electrotechnical Commission. 205.09 

United States National Committee of Interna¬ 
tional Commission on Illumination. 300.00 

Engineering Societies Library—^Maintenance. 10,093.62 

Engineering Societies Employment Service. 2,701.60 

United Engineering Trustees, Inc.—^Assessment.. 6,713.56 

American Engineering Council. 16,065.82 

Institute prizes. 463.44 

Edison medal committee. 184.96 

John Fritz medal. 324.94 


Total. 322,018.43 


Net Income ... $ 13,303.11 

Surplus Credits: 

Increase in value of library, .. $ 1,500.00 

Adjustment of lafe Membership Reserve—Excess 
of fund over required amount as determined by 
the Institute in accordance with the by-laws.., . 909.61 


Total. 2,409.61 


Gross Surplus for the Year . $16,712.72 

Surplus Ckarges: 

Uncollectable dues and members’ charges written 

off. $ 13,495.22 

Provision for depreciation of furniture and fixtures 2,247.13 
Loss on disposal of office fittings. 64.85 


Total. 16,807.20 

Deficit for the Year . $ 94.48 

Surplus, May 1,1931. $601,780,04 

Add amount transferred from Reserve Capital Fund 
in accordance with resolution of the Board of 

Directors. 13,835.50 616,615.64 


Surplus, A pril 30, 1932. $615,521.06 

♦Includes $91,670.00 allocated to Electrical Enoinbering subscriptions. 
tLoss. 


Forward 


$276,256.52 $336,321.54 
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Reserve Capital Fund—Securities, 

Less Reserve for Bonds op Doubtful Value, 

April 30,1932 


Exhibit A. 
Schedule No. 1. 



Face Value 
or Number 
of Shares 

Book Value 

Railroad Bonds: 



Baltimore and Ohio Railroad Company 6% refund¬ 
ing and general mortgage series due 1905, 

registered. 

$8,000.00 

$ 8,940.00 

Central of Georgia Rculway Company 6Vs% refund¬ 
ing and general mortgage series due 1959, 

registered. 

5,000.00 

6,283.75 

Chicago and Brie Railroad Company 5% first mort¬ 
gage gold, due 1982, registered. 

1,000.00 

1,106.00 

Chicago, BurUngton & Quincy Railroad Company 
6% first and refunding mortgage series '*A** gold, 
due 1971, registered. 

1,000.00 

1,010.00 

Chicago, Terre Haute & Southeastern Railway 
Company 5% first and refunding mortgage gold, 
due 1960, registered. 

8,000.00 

7,940.00 

Florida Bast Coast Railway Company 5% first and 
refunding mortgage series *'A*' gold, due 1974, 
registered (certificates of deposit). 

10,000.00 

9,818.76 

Great Northern Railroad Company 5i/s% general 
mortgage series *'B*' gold, due 1962, registered... 

10,000.00 

9.847.50 

New York Central Railroad Company 5% refund¬ 
ing and improvement mortgage series due 

20!13, registered... 

6.000.00 

5,742.60 

Pennsylvania Railroad Company general 

mortgage series **A’' gold, due 1966, registered... 

6,000.00 

5,130.00 

St. Louis, San Francisco Railway Company 5% 
prior lien mortgage series *'B,’* due 1960, registered 

6,000.00 

6,497.50 

Southern Railway Company 5% first consolidated 
mortgage gold, due 1094, registered. 

1,000.00 

980.00 

Total. 


$61,295.00 


Public Utility Bonds: 

American Telephone and Telegraph 5% sinking 
fund gold debentures, due 1960, registered. $15,000.00 $14,625.00 

Consolidated Gas Company of Ne^nr York 5i/s% 
gold debentures, due 1945, registered.. 6,000.00 5,187.50 

Duquesue Light Company 4^/s% first mortgage 
series "A** gold, due 1967, registered. 3,000.00 2,970.00 

I 

Ontario Power Service Corporation, Limited, 6^ /*% 
first closed mortgage sinking fund gold, due 1950, 

registered. 5,000.00 4,711,00 

Pacific Gas & Electric Company 6» h% first and re¬ 
funding mortgage series *"C" gold, due 1952, regis¬ 
tered. 5.000.00 6,137.50 


Forward. $32.631.00 


Face Value 
or Number 
of Shares 


Total Railroad Bonds—(Forward) 


Public Utility Bonds—(Forward). 

Philadelphia Company secured 6% series “A*' gold, 

due 1967, registered. $10,000.00 

Shawinigan Water and Power Company 4V*% fiJ'st 
mortgage and collateral trust sinking fund series 

“A” gold, due 1967.. 6,000.00 

Texas Electric Service Company 6% first mortgage 

gold, due 1960, registered . 4,000.00 

United Light and Power Company 6Wi% first lien 

and consolidated mortgage gold, due 1969. 6,000.00 


Total, 


Industrial Bonds: 

American Smelting and Refining Company 5% first 

mortgage series “A** gold, due 1947, registered... $9,000.00 
Bethlehem Steel Company 5% purchase money and 
improvement mortgage sinking fund gold, due 

1936, registered. 6,000.00 

Fidelity Union Title and Mortgage Guaranty Com¬ 
pany first mortgage certificates (on property Nos. 

76-79 Prospect Street, Bast Orange, N. J.) 6^ / i %, 

due 1933. 14,000.00 

International Match Corporation 5% convertible 

gold debentures, due 1941. 3,000.00 

New York Steam Corporation 6% first mortgage 

gold, due 1947, registered.. 10,000.00 

United States Rubber Company 5% first and re¬ 
funding mortgage series “A,” due 1947, registered 2,000.00 
Western Electric Company 5% debentures, due 

1944,. registered. 10,000.00 

Youngstown Sheet and Tube Company 6% first 
mortgage sinking fund series '*A*' gold, due 1078, 
registered.... 20,000.00 


Total, 


Stocks: 

Commonwealth Edison Company.. 12 shares 

Public Service Corporation of New Jersey, $5.00 

preferred... 30 

United Gas Improvement Company, $6.00 preferred 10 


Total. ..., 
Total, 


Lbss Rbsbrvb tor Bonds op Dottbtpul Value: 

Florida East Coast Railway Company 6% first and 
refunding mortgage series *‘A*' gold, due 1074, 

registered.... $10,000.00 

International Match Corporation 6% convertible 
gold debentures, due 1941. 3,000.00 


Total. 

Remainder, 


Book Value 
$61,295.00 

$32,631.00 

10,000.00 

4,681.26 

3,010.00 

4,976.00 

$66,097.25 


5».()86.00 

6.033.76 

14,000.00 

2.880.00 

10,837.50 

1,916.00 

9.818.76 

20,276.00 

$73,846.00 

$ 2,802.00 

2.968.76 
997.60 

$ 6,848.25 

$198,086.50 


$ 9.818.75 
2,880,00 
$12,698.76 
$186.386.76 








































Report of the Board of Directors 

FOR THE FISCAL YEAR ENDING APRIL 30, 1933 


The Bo^d of Directors of the American Institute of Electrical Engineers presents herewith to the 
membership its forty-ninth Annual Report, for the fiscal year ending April 30,1933. A general balance sheet 
showing the condition of the Institute’s finances on April 30, 1933, together with other detailed financial 
stat^ents, is included herein. This report contains a brief summary of the principal activities of the 
Institute during the year, more detailed information having been published from month to month in Elec¬ 
trical Engineering. 


Directors’ Meetings.—^The Board of Directors 
held five meetings, three in New York, one in Cleve¬ 
land, Ohio, and one in Baltimore, Md. The Execu¬ 
tive Committee held meetings in December and 
March, they being substituted for the regular meet¬ 
ings of the Board, and acted upon various matters 
between Board meetings. 

Information regarding the more important activi¬ 
ties of the Institute which have been under considera¬ 
tion by the Board of Directors, the co mmi ttees, and 
the various ofi&cers is published each month in the 
section of Electrical Engineering devoted to 
“News of Institute and Related Activities.” 

President’s Visits.—President Charlesworth at¬ 
tended the two national conventions and the one 
District meeting since the beginning of his adminis¬ 
tration, and visited a large number of the Sections. 

The following is a list of places visited: Vancouver, 
B. C. (Pacific Coast Convention), Canada; Seattle, 
Wash.; Portland, Ore.; Los Angdes, and San Fran¬ 
cisco, Calif.; Salt Lake City, Utah; Denver, Colo.; 
Omaha, Nebr.; St. Louis, and Kansas City, Mo.; 
Richmond, Va.; Jacksonville, and Gainesville, Fla.; 
Atlanta, Ga.; Louisville, Ky.; Birmingham, Ala.; 
Raleigh, No. Carolina; Cincinnati, and Columbus, 
Ohio; Memphis, Tenn.; San Antonio, Houston, 
and Dallas, Tex.; Oklahoma City, Okla.; Mil¬ 
waukee, Wis.; Mirmeapolis, Minn.; Ames, and 
Des Moines, Iowa; Indianapolis, Ind.; Detroit, 
Mich.; Baltimore (District Meeting), Md.; Phila¬ 
delphia, and Pittsburgh, Pa. 

In connection with these visits, he spoke at several 
meetings of neighboring Branches. 

In May and June, President Charlesworth’s visits 
will include the North Eastern District Meeting in 
Schnectady, the Siunmer Convention in Chicago, and 
other Sections. 

Meetings.—^Three national conventions and two 
District meetings were held during the year, and a 
brief report on each is given below. 

Annual Meeting.—^The Annual Business Meeting 
was held at the Hotel Cleveland, Cleveland, Ohio, 
on Monday morning, June 20, 1932, during the an¬ 
nual Summer Convention. The Annual Report of 
the Board of Directors for the fiscal year ending April 
30, 1932, was presented, and the Tellers Committee 
made its report upon the election of officers for the 
administrative year beginning August 1, 1932. 


Summer Convention.—^The forty-eighth annual 
Summer Convention was held at Cleveland, Ohio, 
June 20-24, 1932. Thirty-nine papers were pre¬ 
sented at ten technical sessions, and printed copies of 
thirteen technical committee reports were available. 
The annual Conference of Officers, Delegates, and 
Members, under the auspices of the Sections Com¬ 
mittee and the Committee on Student Branches, was 
held on Monday, June 20, and Tuesday, June 21, 
and forty-nine section delegates, nine District Secre¬ 
taries, and seven Counselor delegates were present. 
The enterta inme nt features included golf and tennis 
tournaments, two dinners, old-time party, and 
various trips. The Lamme Medal, awarded by the 
Institute, was presented to Giuseppe Faccioli at the 
Annual Business Meeting. 1,022 members and 
guests attended the convention. 

Pacific Coast Convention.—^The twenty-first Pa¬ 
cific Coast Convention was held at Vancouver, B. C., 
Canada, August 30-September 2, 1932. At four 
technical sessions, fourteen papers were presented. 
Eleven technical papers by students were presented 
at two additional sessions. The program included 
various social events and trips. The registration was 
300. 

Winter Convention.—^The twenty-first Winter 
Convention was held in New York, January 23-27, 
1933. Fifty-eight papers were presented at fourteen 
sessions. At an evening session, the Edison Medal 
was presented to Bancroft Gherardi. Numerous in¬ 
spection trips, a smoker, and a dinner-dance were 
held. The registration was 1,099. 

District Meetings.— 


District 1^0. Locarion Dates Papers Registration 

1 .Providence, R. I... May 4r-7, 1932.... 18.252 

2 .Baltimore, Md.Oct 10-13, 1932.... 13.240 


Six student papers were presented, and a Confer¬ 
ence on Student Activities was held at the District 
Meeting in Providence. 

Sections.—Despite the unfavorable economic con¬ 
ditions, the sixty Sections have carried on a normal 
amount of activity, with the usual wide variety of 
interesting and important subjects presented at the 
meetings. 
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The-group activities of the Chicago and New Yqrk 
Sections continued to produce excellent results, and 
the conduct of classes for the post-college education of 
engineers, started in 1929, were continued by the 
Cldcago Section in cooperation with other local 
groups. 

President Charlesworth visited a large number of 
Sections (see heading “President’s Visits”), and will 
visit others later. 

Many Sections have participated in arrangements 
for the relief of unemployed engineers. 

The excellent plans developed by a considerable 
number of Sections for maintaining dose contacts 
with neighboring Branches and for encouraging the 
participation of younger members in Section meet¬ 
ings have been continued in operation with gratifying 
results. 

Student Activities.—^The Student Branches dur¬ 
ing the past year have had a busy season in spite of 
the period of . delayed prosperity. They have con¬ 
tinued to place their main emphasis upon papers or 
talks delivered by students rather than listening to 
outside speakers and watching moving pictures. 

The large number transferring from the grade of 
Student of the A.I.E.E. to .^sodates has ‘ been 
gratifying, especially at a time when so many former 
members found it necessary to relinquish their 
membership. 

In an effort to increase the number of Students of 
the A.I.E.E., a subcommittee of the Committee on 
Student Branches has been appointed to study the 
present organization of Student Branches and recom- 
ndend, if possible, a type of organization which will 
encourage, even more than the present arrangement, 
students in electrical engineering to become affiliated 
directly with the Institute. This subcommittee is 
to render a report at the S umm er Convaition. 

New Branches were organized at the George Wash¬ 
ington University, Wasl^gton, D. C., and the Uni¬ 
versity of Porto Rico, Mayaguez, Porto Rico. 


Section and Branch Statistics 




For Fiscal Year Ending 



April 30 
1927 

April 30 
1929 

April 30 
. 1931 

April 30 
1033 

Sbctions 

Number of sections. 

Number of section meetings held.. 
Total attendance. 

62. 
.. 431. 

. .80,708. 

64.. 

... 460.. 

...73,264.. 

69... 
491... 
..108,623.. . 

60 

. 498 

.73,806 

Branchbs 

Number of branches. 

Number of branch meetings held.. 
Total attendance. 

96. 
.. 842. 

. .42,650. 

... 100.. 
... 940.. 

.. .47,408.. 

109... 
.. 1,137... 

.. 61,807... 

. Ill 
. 1.026 
.69,439 


Technical Program Committee.—One of the most 
important phases of the work of the Technical Pro¬ 
gram Committee throughout the year 1932-33 has 
been the establishment of technical programs for 
national conventions to best meet the broad needs of 
the membership. The committee has also assisted 
District committees by providing papers for District 
meetings. Analyses of the subject matter con¬ 


tained in the papers, the number of papers presented, 
and the attendance at the three national conventions 
and two District meetings held during the year in¬ 
dicate that most gratif 3 dng results have been at¬ 
tained. In addition to the selection of papers for na¬ 
tional conventions, their review, and recommenda¬ 
tions for publication, the Conduct of Technical 
Sessions has been revised and, as requested by the 
Board of Directors, a statement of policy iu regard 
to papers by non-member authors has been prepared 
for the consideration of the Board. 

As stated in the report of a year ago, an analysis 
was made of the character of the material presented 
during the preceding three years, which indicated 
that but one paper in the field of education and none 
in the field of electrochemistry and electrometallurgy 
had been presented. To fill the need along educa¬ 
tional lines two important addresses on education 
were delivered by prominent speakers, one at the 
Summer Convention in Cleveland, and the other at 
the Winter Convention in New York. In addition, 
three valuable papers by well-known authors on 
educational work were presented. In the field of 
electrochemistry and electrometallurgy several con¬ 
tributions were made in sessions held at each of these 
conventions. 

The committee reviewed 208 papers dining the 
year, of which 160 were presented. Some papers are 
awaiting scheduling for future meetings, and only a 
few of the papers submitted were returned to the 
authors. Of Ihe total munber presented, 121 were 
recommended for publication in the Transactions 
and several for publication in Electrical Engineer¬ 
ing. While the total number presented was only 
three less than the number presented during the 
previous year, a reduction in the average number 
of pages per paper has been brought about by 
careful reviewing and the close cooperation of the 
authors, so that 217 less pages were required for 
publication. The total attendance at the three 
national conventions was 2,422, an increase of 9.2% 
over the attendance for these three conventions the 
previous year. This was mainly attributable to the 
splendid attendance of over 1,000 at the Cleveland 
Summer Convention. The grand total attendance 
for the three national conventions and two District 
meetings held throughout the year was 2,914, only 
8 V 2 % fess than that for the previous year, which is 
considered extremely good in the light of present 
business conditions. Details regardhig attendance 
and the number of papers presented and recom¬ 
mended for publication are given in the attached 
tabulation. 

Through the cooperation of several members of the 
committee, three men worked with the Secretary dur¬ 
ing the Winter Convention, taking care of various de¬ 
tails in connection with conduct of technical sessions. 
It was felt that, as a result of their efforts, the sessions 
were conducted more smoothly and, in addition, 
those in attendance were kept informed as to the 
papers and discussions which were being presented 
in another parallel session. 

Consideration has been given by the committee to 
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the suggestion that small meeting rooms be provided 
during the conventions, so that authors and those 
interested may get together informally to resume dis¬ 
cussions of papers in cases where time limitations re¬ 
quire interrupting discussion at the formal technical 
session. The Conduct of Techical Sessions has been 
revised to meet this objective, and rearranged with 
the view toward m aking its recommendations more 
pointed. 

In view of the objections raised in the past to the. 
presentation of papers by non-member authors, the 
committee has been min^ul of the situation and re¬ 
duced the number of papers by non-members on pro¬ 
grams throughout the year. In accordance with in¬ 
structions of the Board of Directors, the committee 
has prepared a suggested statement of policy to apply 
also to District committees, which, it is felt, will 
have the effect of still further reducing the number of 
papers presented by non-members, without excluding 
information for the membership as to developments 
in the electrical arts and sciences and in closely allied 
fields. 

The committee wishes to record herein the splendid 
cooperation shown by authors and members of the 
various technical committees. It is also a privilege 
to record here the effective and constructive work of 
the Institue headquarters staff and, in particular, the 
Secretary of this committee. 


ATTENDANCE AND NUMBERS OF PAPERS PRESENTED AT 
CONVENTIONS AND MEETINGS 

April 30, 1032, to April 30, 1933 



No. 

papers 

No. 

pages 

No. 

papers 

recom¬ 
mended for 

No. of 

Attend- 


presented 

printed 

Trans. 

sessions 

knee 

National Conventions 
Summer Convention 
Cleveland, Ohio, 

June 20-24, 1932. 

. 

..267.. 

.... 31.... 

..10.,.. 

..1,022 

Pacific Coast Conven¬ 
tion, Vancouver, 

B, C., August 30- 
September 2, 1032. 

. 14.... 

.. 89.. 

.... 9.... 

.. 4_ 

.. 300 

Winter Convention, 

New York, January 
23-27, 1938. 

. 68.... 

..385.. 

_64_ 

..14.... 

..1,100 




■ 

— 

—■ ■ ■■ - 

Total. 

.129.... 

..731,, 

.... 94.... 

..28.... 

..2,422 

District Meetings 

North Eastern District, 
Providence, R. I., 

May 4-7, 1932. 

. 18.... 

..130.. 

.... 16.... 

.. 4.... 

.. 252 

Middle Eastern Dis¬ 
trict, Baltimore, Md., 
October 10-13, 1932. 

. 13.... 

..121.. 

.... 12.... 

4_ 

., 240 

Total. 

. 31.... 

..251.. 

.... 27.... 

.. 8.... 

.. 492 

Grand Total. 

_160_ 

..982.. 

....121.... 

..36.... 

..2,914 


* Includes 13 technical committee reports. 


Publication Committee.—^The Institute’s techni¬ 
cal publication service remains a subject of wide dis¬ 
cussion throughout the membership. Realizing that 
this service represents the principal tangible return to 
the individual member for the dues that he pays, con¬ 
tinuing attention has been given to possible im¬ 
provements. Some contemplated developments, of 
course, were arrested as a result of necessary budget 


reductions, a condition that turned primary attention 
to logical ways and means of maintaining a satis¬ 
factory level of publication service in spite of neces¬ 
sary economies. Further exhaustive studies in 
this same direction now are under way with the ex¬ 
pectation that they will be completed soon and that 
the results and conclusions gained therefrom will 
establish a basis that will enable further constructive 
development in publication policy and practice, 
taking fully into account present economic condi¬ 
tions. 

During the fiscal year that ended April 30, 1933, 
the evolution of the monthly. Electrical Engineer¬ 
ing, was continued as the principal channel of con¬ 
tact with Institute members and the vehicle through 
which they may keep well informed as to current pro¬ 
fessional and technical developments, and the 
Institute’s activity in such fields. In 12 issues there 
were given comprehensive abstracts of 121 Institute 
papers, 86 feature articles conveying at least the 
principal substance of that number of Institute 
papers, and 56 special and 11 miscellaneous articles 
selected to give a better balance to the published 
material. In addition, 13 technical committee re¬ 
ports and comprehensive news reports of all conven¬ 
tions, District meetings, and other important activi-. 
ties were included. 

The Quarterly Transactions, of course, was 
continued as the usual record publication for formal 
Institute papers and discussion thereon. The ad¬ 
visability of continuing traditional practice in con¬ 
nection with the publication of advance pamphlets 
of technical papers remains an open question which, 
as previously indicated, along with other questions of 
policy and practice, is being studied in an effort to im¬ 
prove publication service.- 

Standards Committee.—^Following a practice 
agreed upon for the preceding year, the Standards 
Committee has confined this past year’s meetings to 
four—one each in October, January, April, and June. 
Within the Institute itself, active work is continuing 
in the development of proposed standards and codes 
through the medium of the interested technical com¬ 
mittees. The Committee on Electrical Machinery 
has submitted revisions of the standards for ca¬ 
pacitors, constant current transformers, and for the 
standards in the rotating machinery group. It has 
also developed the second of the series of test codes, 
that for synchronous machines. This was published 
in report form in January, 1933. The Committee on 
Instruments and Measurements has offered a draft 
of a proposed standard on recording instruments to 
be published shortly, and is at work on revisions of 
the standards for electrical measuring instnunents 
and instrument transformers. The Committee on 
Protective Devices likewise has proposed standards 
in course of development, among which may be men¬ 
tioned fuses and knife switches. Subcommittees of 
the Standards Co mmit tee have in hand proposed 
relay standards, and are at work on questions with re¬ 
gard to reactive power. 

Within the American Standards Association, many 
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sectional committees are engaged, in developing 
American Standards in the electrical field, and have 
largely as a basis of their work A.I.E.E. Standards. 
Several such committees are in process of organiza¬ 
tion; each will cover a broad field. Among these 
are wkes and cables, power switch gear, transformers, 
and measuring instruments. The sectional com¬ 
mittee on rotating electrical machinery has been at 
work for a number of years. All of these group sec¬ 
tional committees are now under the sponsorsUp of 
the Electrical Standards Committee. The sec¬ 
tional committees on mercury arc rectifiers and on 
electric welding are about to complete their work, 
while the conflicts that have held up the final ap¬ 
proval of the proposed American standard graphic 
symbols in the power, radio, and railway fidds are 
apparently cleared up. The report of the same com¬ 
mittee, but dealing with abbreviations for engineering 
and scientific terms has received approval as Ameri¬ 
can Standard. 

The work of the Sectional Committee on Electrical 
Definitions is proceeding in accordance with plans 
carefully outlrned by, its Executive Co mmi ttee, 
taking mto account the tremendous field to be 
covered and the numerous intorests involved. From 
present indications, the committee wiU be able to 
offer its first report for the approval of the sponsor, 
the A.I.E.E., and the American Standards Associa¬ 
tion, some time next fall. Probably between 3,500 
and 4,500 definitions will be included in the report, 
representing the work of eighteen subcommittees, 
with a personnel involving over 300. This com¬ 
mittee has just accepted a new undertaking of con¬ 
siderable present interest, the standardization of 
the names and definitions of electron tubes used in 
radio and for general industrial purposes. 

During the past year, the revised Code for Protec¬ 
tion Against Lightning was approved. The A.I.E.E. 
and the Bureau of Standards are joint sponsors in 
this undertaking. The Code for School Lighting was 
also approved, and the Institute has appointed repre¬ 
sentatives to act on a committee charged with the 
development of a Ventilation Code. 

In January of this year, the Institute gave oflSicial 
approval to the adoption of a new inch-millimeter 
conversion factor of 25.4, the result of a general in¬ 
dustrial conference called in October, 1932, under 
the asupices of the American Standards Association. 

Several new Standards publications were issued 
during the year as follows; Revisions of Standards 
Nos. 16 and 30, “Railway Control” and “Wires and 
Cables,” respectively. The new Standards are Nos. 
72 and 73 “Waterproof Wires and Cables” and “Heat 
Resisting Wires and Cables.” 

U.S. National Committee of the I. E. C.—^The 
U.S. National Committee of the International 
Electrotechnical Commission has operated very 
satisfactorily dt^g the past year in its reorganized 
form, two meetings of the committee having been 
held. 

The committee suffered a severe loss in the death of 
its Honorary President, Dr. C. O. Mailloux, on 


October 14, 1932. Dr. Mailloux was recognized as 
one of the founders of the I.E.C. and the U.S.N.C. 
and was a moving spirit in both. He was an honor¬ 
ary president of the I.E.C. The other officers of the 
U.S.N.C. remain in office as reported last year. 

In technical work progress has been made on 
specific projects during the past year as follows: 

1. International Electrotechnical Vocabu¬ 
lary. A comprehensive vocabulary in French and 
English is under compilation. The work will be 
greatly facilitated by the draft report on electrical 
defimtions issued during September, 1932, by the 
sectional committee on electrical definitions imder 
the sponsorship of the American Institute of Elec¬ 
trical Eng^eers under the procedure of the A.S.A. 
A meeting of the advisory committee covering this 
subject was held in Paris in January, 1933, but the 
U.S.N.C. was unable to be represented at this meet¬ 
ing. 

2. Electrical and Magnetic Magnitudes and 
Units. The names for the cgs units, magnetic flux, 
Maxwdl; flux density. Gauss; magnetic field 
intensity. Oersted; magnetomotive force, Gilbert; 
adopted at the Oslo meeting in 1930, were agreed 
to at a meeting of the S 3 mibols, Units, and Nomen¬ 
clature Conunission of the International Union of 
Pure and Applied Physics, held in Paris in July, 
1932. This action brin^ these names for the units 
into a very strong position. 

3. Rating of Electrical Machinery. This 
advisory committee met in Paris in June, 1932. The 
U.S.N.C. was unable to have a representative pres¬ 
ent. The decisions reached at this meeting are at 
present being considered by the sectional committee 
on Rotating Electrical Machinery and will also be 
considered in the near future by the recently or¬ 
ganized sectional committee on Transformers. 

4. Electric Traction Equipment. A joint 
meeting of the advisory committee on Electric 
Traction Equipment—No. 9 and the Comite Mixte 
was held in Milan in April, 1933, the U.S.N.C. hav¬ 
ing two representatives present. 

A meeting of the Committee of Action of the I.E.C. 
which corresponds to an executive committee, was 
held in Paris in January, 1933. The work of the 
Conunission in general was reviewed and two new 
advisory committees, one covering wires and cables 
and another storage batteries, were authorized. 
The U.S.N.C. has not yet decided whether it will 
participate in these new projects. Plans were mad p 
for the next plenary meeting of the I.E.C. which is 
to be held in Prague, Czechoslovakia, in 1934. 
The Committee of Action also accepted rules of pro¬ 
cedure for the advisory committees, subject to the 
ratification of the plenary meeting in 1934, as well 
as a modification of the constitution and fimctions 
of the Committee of Action, also subject to ratifica¬ 
tion by the plenary meeting at Prague in 1934. 

A meeting of the advisory committee on Inter¬ 
nal Combustion Engines—^No. 19, for which the 
U.S.N.C. holds the secretariat, is to be hdd in this 
country, probably in September of this year, at which 
a substantial foreign delegation wiU be present. A 
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meeting of the advisory committee on Electrical 
Measuring Instruments—^No. 13 is at present sched¬ 
uled to be held in Paris in June. 

The following standards of the I.E.C. are avail¬ 
able in printed form and may be obtained from the 
offices of the U.S.N.C. at 29 West 39th Street, New 
York City: 

International symbols: Part 1, letter symbols, publication 27, 
December, 1920. Part 2, graphical symbols for heavy-current 
systems, publication 35, 1930. Part 3, graphical symbols for weak- 
current systems, publication 42, 1931. 

International standard of resistance for copper, publication 28, 
March, 1925. 

Rules for electrical machinery, publication 34, 1930. 

Standard dimensions of bayonet lamp sockets and caps, publication 
37, 1927. 

Standard voltages, publication 38, 1927. 

International rules for traction motors, publication 39, 1927. 
Publication on the testing of hydraulic turbines, publication 41, 
1928, 

Recommendations for alternating-current watt-hour meters, publica¬ 
tion-43, 1931. 

Recommendations for instrument transformers, publication 44, 
1931. 

Publication on steam turbines: Part 1, specifications, publica¬ 
tion 46, 1931. Part 2, rules for acceptance tests, publication 46, 
1931. 

Definitions and rules for switchgear, publication 47, 1932. 

Coordination Committee.—^In accordance with 
past practice, the committee corresponded with 
District and Section officers to obtain their views 
regarding any national conventions and District 
meetings desired in their respective Districts during 
the calendar year 1934. On account of economic 
conditions, the committee recommended to the 
Board of Directors, at its meeting held on January 
25, 1933, that the adoption of a schedule of 1934 
meetings be postponed to the May meeting of 
the Board, and this recommendation was approved. 

Committee on Transfers.—^Numerous discussions, 
in recent years, of methods of encouraging Institute 
members who are qualified for the higher grades to 
submit their applications for transfer resulted in 
recommendations by the Conference of Officers, 
Delegates, and Members, in 1931, and later by the 
Conunittee on CoSrdination of Institute Activities 
which caused the Board of Directors to approve, 
in January, 1932, the appointment of a national 
standing committee on transfers and the encourage¬ 
ment of the appointment of a suitable committee by 
each Section. 

The functions of the national committee are to 
prepare literature which will encourage qualified 
members to apply for transfer and to coordinate the 
activities of the Sections in connection with transfers. 
Each local committee is expected to study the quali¬ 
fications of members of its Section and to urge those 
who are fully qualified for higher grades to apply for 
transfer. 

In October, 1932, the national Committee on 
Transfers distributed to all Sections a statement re¬ 
garding the functions of the committees, reasons for 
transferring to the grades of Fellow and Member, 
and suggestions with regard to desirable types of 
procedure. Many of the Sections appointed com¬ 


mittees which were active in stimulating the sub¬ 
mission of applications. 

Committee on Legislation Affecting the Engineer¬ 
ing Profession.—^The committee considered the 
April 16, 1932, edition of “A Model Law for the 
Registration of Professional Engineers and Land 
Surveyors,” which had been prepared by a group of 
representatives of various engineering societies. Its 
report was presented at the meeting of the Board of 
Directors held on January 25, 1933, and was referred 
to the Public Policy Committee for recommendation. 

Committee on tiie Economic Status of the Engi¬ 
neer.—;-The activities of this committee w^e largely 
concerned with conferences which led to the organi¬ 
zation on October 3, 1932, of Engineers’ Council for 
Professional Development. The committee con¬ 
sidered various other matters which had been re¬ 
ferred to it. 

Committee on Safely Codes.—No specific matters 
were presented to this committee as a committee for 
review or action during this year. 

The chairman of the committee, however, can re¬ 
port on certain items of individual activity as repre¬ 
sentative of the Institute or of the committee. 

Chairman A. R. Small, of the Electrical Com¬ 
mittee of the National Fire Protection Association, 
appointed in August, 1932, a special committee to 
handle a somewhat controversy subject for report 
to the Electrical Committee at its annual meeting 
in March, 1933. Mr. Small appointed as chairman 
of this special committee, the representative of ^e 
American Institute of Electrical Engineers, serving 
on the Electrical Committee, who was also chair¬ 
man of the A.I.E.E. Committee on Safely Codes. 

The subject in question which was handled by t hi s 
special committee was the Use of Bare Neutral Wir¬ 
ing in Interior Wiring Systems. 

This special committee has ftmctioned satis¬ 
factorily. Its report was submitted to, and ac¬ 
cepted by, the annual meeting of the Electrical 
Committee of the N.F.P.A. at its meeting in March, 
1933. 

As indicated, the foregoing was not activity of the 
Conunittee on Safety Codes as a committee, but 
rather activity of the chairman, and as representa¬ 
tive of the A.I.E.E. on the Electrical Committee 
of the National Fire Protection Association. 

In addition to the foregoing, a member of the Com¬ 
mittee on Safety Codes (Dr. M. G. Lloyd) acted as 
representative of the American Institute of Electrical 
Engineers at the meeting of the National Fire Waste 
Council, held on April 7, 1933, in Washington. 

Technical Committees.—^The technical commit¬ 
tees, continued their activities in the stimulation of 
the preparation of desirable papers in their respective 
fields and in the review of papers submitted to the 
Institute for presentation and publication. Infor¬ 
mation on meetings, papers, and publications is 
given on other pages of this report. 
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Membership Committee.—Because of general 
business conditions adversely affecting Institute 
membership, the Membership Committee was un¬ 
usually active during the current year. The results 
of these activities are summarized briefly as follows: 

1. The usual letter was sent to the entire member¬ 
ship requesting that they retain their membership 
in good standing, stimulate similar action on the 
part of fellow members, personally solicit prospects 
who are technically and financially able to join the 
Institute, and finally to boost the Institute continu¬ 
ally. A form was attached to this letter giving the 
names and addresses of the chairmen of all Section 
rnembership committees, with a tear-off section pro- 
’vided to fill in the names and addresses of prospec¬ 
tive members. This assisted the local committees 
in soliciting new members during the year. 

2. A questionnaire was submitted to the Member¬ 
ship Committee of each section asking for various 
kinds of information as to the exact routine of han¬ 
dling membership activities. The results were care- 
fully studied, and indicated a lack of general uni¬ 
formity in handling this important local work. 

3. ^ A letter was then addressed to each section ex¬ 
ecutive committee and membership committee re¬ 
questing, after joint due deliberation, the answer to 
two simple non-leading questions: 

A ^How can the aclivities of the Institute be so improved as to 
attract to its membership those who are eligible to join? 

can the activities of the membership commitlees, both local 
and national, be improved to best present advantages of membcnsliip 
to prospects? 

Thirty-eig’ht sections submitted detailed reports 
on these all-important questions. 

4. The Membership Committee then held a meet¬ 
ing in Pittsburgh on November 18, 1932, at which 
tinie it carefully discussed all phases of membership 
activities and particularly the suggestions of the 
various sections of ways and means of improving the 
attractiveness of Institute membership. This meet¬ 
ing resulted in the Chairman being instructed to 
prepare a detailed report summarizing the results of 
the various data collected throughout the year. 

5. On March 8, 1933, a sixty-eight page report 
analyzing the various data assembled was issued in 
its tentative form, tliis report being divided into 
three parts as follows: 

Part I—Comments on Institute activities. 

Part II—Proposed membership information pamphlet. 

Part III—Simplified membership policy. 

Part I of this report is unusually interesting, giving 
as it does the opinions of a large percentage of the 
membership as reflected through the local organiza¬ 
tion of 38 sections. It frankly and fully discusses 
some very pertinent points regarding Institute ac¬ 
tivities and suggested changes thereto. Part II 
develops a proposed membership information pamph¬ 
let somewhat along the lines of a sales prospectus, 

M the Membership Committee considers the secur¬ 
ing of new members under present conditions pri¬ 
marily a sales proposition. Part III closes with 
suggested methods for standardizing and simplifying 
the membership routine in all of the sections. 


Upon instruction of the Pre.sidcul, this report is 
now being carefully studied by the adniinistrutioji 
and various interested committees. 

6. In spite of the advei'se bu.siness eondilitms 
and the amount of work involved in the collection of 
the above-mentioned material, 1>7i) applications were 
received during the year. The aclditiuns to tiiul 
deductions from the membership during the year 
are given in the following table: 


Six-yfur 

Honor- Asso 

ury I'VlIow Mcniltur ciiitc ANtioi'iulr ’I'tMul 


Mciiit)cnilii]> on 

April 30, 1032. 0-73.S. . ..‘i.Wl ..n.m.T .0.178.. 17,.MO 

Act(lttion.s; 

Transferred. 1..., 2.3 irW 

New meiulkcrs qualilied. 2. ... <1.1. . . . .. . 7ij.*i 

Reinstated. Ji,... .S.,., 15, . , 17 

Total.10,.. .700. , ,4.050....0.772. .. «.0«0. ,.. 18.557 

Dcductio.ns: 

Bicd. 1- 10- 25- 37... 12 

Resigned. 14- UK . . . 400_ .'{00 

Transferred. l... IH_ 125., 15 

Dropped.. . 3.. . ,35- 177_ 15H 

Membersliip on 

April 30. 1033. 0 . . ,720. . . _5.013_0,475. . , 17.0n> 


7. The Membership Committee takes this oppor¬ 
tunity to exi>ress sincere appreciation to the h)cal 
administrations and meml^ership commitlees for 
their wholehearted cooperation in assembling the 
important infonnation included in the Membersliip 
Committee’s special report. 


iJeatns..Ihe following deaths have ocirurnsi 

during the year. 

Honorary Member: Jolm J. Carly 

FeUmes: Harry AlaxaiwUir, Williaiii H. Jlldod, Jr„ Atiitmiisi. I. 
Drum, Charles W. Hultoii, Warren H. Lewis, C. O. Mnilluiu, 
Robert Oreleilich, Horace K. Marshall. William It. l•illdR•ll. N..|M,n 
L. Pollard, Samuel Rcher, Pretlerick L. khodt s. William LiMM-iiiiitl 
Robb, R. !<'. Schuchardt, Fmiiklin W. SpriiiKer, Uny M. .Sianley, 
Lewis L. Taimn, Robert B. Williumwii. RoImtI M. Wilson. 

Members: MatiBUS W. Alexander, Basil C. Hal lye, Iiuiiiel II 
Braymer, Frederick B. Brown, W. T. Kemlidl Brown, CeoiKi' t'ris- 
son. William L. DodBc-, Park Kllioll, Georife FerRusmi. tri!ir(.«i.|. .S, 
Humniali, William W. Handy, Kdwin M. Herr, ^•rank B. Laiiil., 
Fred M. I,axlon, Artluir W. Mule, Alfred F’. Musury, Ileiiiy IC. 
McGowan, John O. Monlignani, M. P. Ryder. Hdwiti N .S:imk r>;on, 
Harold feeaburg, IL D. .Smilli, H. O. Swobndu. William W. Teffl. 
HttiTy N. Van Duusen. 

Walter Arnstehi, Alftvcl B. Atkinson, Owv)ii; I*. 
Baldwm. William A. Barrett, I'liaddetu K. Beal, Henry W. Bretn, 
Sol D. Benoliel, H, B. BriKhuni, Thoinrw F. CorcoiMu, Hcriierl 
Edwards, Clrirles J?. Kvcleth, Louis G. I'Yretnati, John U. Gilroy, 
Uiarles B Goob, Harry W. Hiulloek, Williurn J. Harvits ^r{lllk 
Haye, W. R. Himdrey. Willumi H. Hill, John 8. Jenks Krededek W. 
Kelley, Harold L, Klingenschmitt, John K. Konze, Mux fCuddan, 
i Matthews, Yosiitolm MatiniKa, Charles 

8 . McGill, Ihoiims McLean, Alfred MeiieBiglio, Frank T. Mon is- 
sey, Delos FL Parsons, Robert O. Pennell. Arehil)ald J. Kobeii.smi 
Rudolph Roseu.steitgel, Arthm* H. Savage, Frank R. Schiiiid, 
H. J'. L. J. Seyler, James A. Shepard, Louis N Btoskopf, (icfirge C. 
Sutton, Jni Tachihura, Rtchnmnd Talbot, Leonard CL Van Ness 
Reginald H. Wihiiot, Waller L. Woodinaiisee, William !•’. \T 41 ger* 
Henry L. Zabriskie, Bauke Zondervan. 


Board of Examiners.-The Board of Examiners 
held eight meetings during the past year, averaging 
about three hours, and considered 2,242 cases, di¬ 
vided as shown in the following table: 
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Applications for Admission 

Recommended for grade of Associate.690 

Not recommended.* * ] n 7 q 1 

Recommended for grade of Member. 40 

Not recommended. 0 46 

Recommended for grade of Fellow. 1 

Not recommended. 1 2 

Recommended for enrollment as Students. 1,342 

Applications por Transpbr 

Recommended for grade of Member.109 

Not recommended. H 120 

Recommended for grade of Fellow. 29 

Not recommended. 2 31 

2.242 


Institute Prizes.—Four national prizes ($100 
each) and fifteen District prizes ($25 eadi), for papers 
presented in 1931, were announced on page 418 of 
the June, 1932, issue of Electrical Enginebring. 
The national prizes were presented at the Summer 
Convention in Cleveland, and the District prizes 
were presented at various meetings in the respective 
Districts. 

Scholarships.—The governing bodies of Colum¬ 
bia University have placed at the disposal of the In¬ 
stitute each year a scholarship in electrical engineer¬ 
ing for each class. The awards are made annually 
by an Institute Committee. Each scholarship pays 
$350 toward annual tuition, with provision for re¬ 
appointment. 

Complete details governing prizes and scholarships 
may be obtained by applying to the National Secre¬ 
tary of the Institute. 

Edison Medal.—The Edison Medal, founded by 
associates and friends of the late Thomas A. Edison, 
is awarded annually by a committee consisting of 
twenty-four members of the Institute “for meri¬ 
torious achievement in electrical science, electrical 
engineering, or the electrical arts.” The medal for 
1932 was awarded to Bancroft Gherardi, ‘‘for his con¬ 
tributions to the art of telephone engineering and the 
development of electrical communication.” The 
medal was presented at the Winter Convention of 
the Institute, January 25, 1933,. 

John Fritz Medal.—^The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of dvil, mining, mechanical, and 
electrical engineers, awarded the twenty-ninth medal 
to Daniel Cowan Jackling. 

Lamme Medal.—^The Lamme Medal was founded 
as a result of a bequest of the late Benjamin G. 
Lamme, Chief En^neer of the Westinghouse Elec¬ 
tric & Manufacturing Company, who died on July 8, 
1924. The bequest provides for the award by the 
Institute of a gold medal (together with a bronze 
replica thereof) annually to a member of the A.I.E.E. 
‘‘who has shown meritorious achievement in the 
development of electrical apparatus or machinery” 
and for the award of two such medals in some years 
if the accumulation from the funds warrants. 


The Lamme Medal Committee of the Institute 
awarded the fifth (1932) Lamme Medal to Dr. 
Edward Weston, ‘‘for his achievements in the de¬ 
velopment of electrical apparatus, especially in 
connection with precision measuring instruments.” 
Arrangements are being made for the presentation 
of the medal at the annual Summer Convention at 
Chicago, Ill., June 26-30, 1933. 

Alfred Noble Prize.—This prize, established in 
1929, consists of a certificate and a cash award of 
$500 from the income from a fund contributed by en¬ 
gineers and others to perpetuate the name and 
achievements of Alfred Noble, past-president of the 
A.S.C.E. and of the Western Society of Engineers. 
It is made to a member of any of tihe cobperating 
societies, A.S.C.E., A.I.M.E., A.S.M.E., A.I.E.E., or 
W.S.E., for a technical paper of particular merit 
accepted by the publication committee of any of 
these societies, provided the author, at the time of 
such acceptance, is not over 30 years of age. 

The second award (1932) was made to Frank M. 
Starr, of the General Electric Company, Schenec¬ 
tady, N. Y., an Associate in the A.I E.E., for his 
paper Equivalent Circuits — I, which was presented 
at the 1932 Winter Convention. 

Commission of Washington Award.—^This award 
may be made annually ‘‘to an engineer whose work 
in some special instance, or whose services in general 
have been noteworthy for their merit in promoting 
the public good,” by a committee composed of nine 
representatives of the Western Society of Engineers 
and two each from the A.S.C.E., the A.I.M.E., the 
A.S.M.E., and the A.I.E.E. No award was made 
for the year 1933. 

Emplo 3 mient Service.—The Institute cooperates 
with the national societies of civil, mming, and me¬ 
chanical engineers in the operation of the Engineering 
Societies Employment Service with its main office in 
the Engineering Societies Building, New York. 
Offices are operated in Chicago and San Francisco 
also. In addition to the societies named, others 
cooperate in certain of the offices as follows: New 
York—Society of Naval Architects and Marine 
Engineers; Chicago—Western Society of Engineers; 
San Francisco—California Section of the American 
Chemical Society, and the Engineers’ Club of San 
Francisco. 

The New York office has been cooperating closely 
with the Professional Engineers Committee on Un¬ 
employment which was organized in the fall of 1931 
by the local Sections of the A.S.C.E., A.I.M.E., 
A.S.M.E., and A.I.E.E. 

The service is supported by the joint contributions 
of the societies and ffieir individual members who are 
benefited. As in the past, it consists principally in 
acting as a medium for bringing together the em¬ 
ployer and the employee. In addition to the publi¬ 
cation of the Employment Service announcements 
monthly in Electrical Engineering, weekly sub¬ 
scription bulletins are issued for those seeking posi¬ 
tions. 
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_ American Engineering Council.—This organiza¬ 
tion, including in its membership more than twenty 
national, state, and local engineering societies has 
continued to represent its constituents in matters 
affecting the public welfare and involving the en¬ 
gineering and allied technical professions. 

During the past year, recommendations were made 
concerning many bills presented in the Congress of 
the United States, and much attention was given to 
methods of reducing unemployment among engineers 
as well as to studies of the causes which produced the 
depression, and methods of reducing business in¬ 
stability. The Committee on Relation of Consump¬ 
tion, Production, and Distribution presented its 
second progress report. The Council sponsored the 
formation of and cooperated in the activities of Com¬ 
mittees on Engineers and Employment which were 
organized in nearly all of the states. 

The wide range of t 3 rpes of work canried on by the 
Coundl is indicated by the names of its special com¬ 
mittees for 1933, including’the foUowiag: Adminis¬ 
tration of Public "Works; Airports; Air Transport 
Service in Foreign Countries; Bridges; Communica¬ 
tions; Competition of Governmental Agencies with 
Engineers in Private Practice; Corps of Engineers; 
Engineering Features of Public Domain Report; 
Engineers and Employment; Engineers Water Power 
Policy; Flood Control; Government Expenditures; 
Nav^ Towing Tank; Oil Pollution of Streams; 
Patents; Public Works Program of A.S.C.E.; Re¬ 
forestation; Relation of Consumption, Production, 
and Distribution; State Engineering Councils; 
Street Traffic Signs, Sisals, and Markings; Tele¬ 
phone Directory Classffication of Engineers; and 
Water Resources. 

On account of economic conditions, the publication 
of the A.E.C. Bulletin was suspended in December, 
1931, and it was replaced in part by a monthly news 
release entitled “Engineering News from Washing¬ 
ton, D. C.” 

United Engineering Trustees, Inc.—This organi¬ 
zation, formerly United Engineering Society, was 
set up by the four national societies of civil, mining, 
mechanical, and electrical engineers to hold in trust 
and to administer for them the Engineering Societies 
Blading, in which their headquarters are located, cer¬ 
tain funds, and the Library. Its charter gives it 
broad powers for the advancement of the engineering 
arts and sciences. 

Extracts from the annual report of the United 


Engineering Trustees, Inc., were published on page 
209 of the March 1933,, issue of Electrical En¬ 
gineering. 

Engineering Foundation.—^This department of 
United Engineermg Trustees, Inc., was established 
in 1914 by the national societies of civil, mining , me¬ 
chanical, and electrical engineers “for the furtherance 
of research in science and in engineering, or for the 
advancement in any other manner of the profes¬ 
sion of engineering and the good of mankind.” It 
was conceived by Ambrose Swasey, of Cleveland, 
Ohio, and he has made four gifts toward its endow¬ 
ment. The fund has been generously increased 
through the gifts of the late Edward D. Adams and 
Adams and others, and also through a bequest of the 
late Henry R. Towne. 

Appropriations have been made for various re¬ 
search projects, and cooperation has been extended in 
others. 

Engineering Societies Library.—^The Library is 
administered as a free public library under the direc¬ 
tion of the Library Board of United Engineering 
Trustees, Inc., this Board being composed of repre¬ 
sentatives of the national societies of civil, mining, 
mechanical, and electrical engineers. 

The Library contains about 133,273 books and 
pamphlets. It receives regularly about 1,200 tecW- 
cal periodicals in many languages, and many addi¬ 
tional publications issued irregularly. 

A staff of technically trained searchers and trans¬ 
lators is maintained. The staff is prepared to furnish 
the following types of service: photoprints, abstracts, 
translations, bibliographies, searches, etc. Special 
arrangements have been made for lending books. 

Representatives.—^The Institute has continued its 
representation upon various national committees 
and other local and national bodies with which it has 
been affiliated in past years. A complete list of 
representatives was published in the September issue 
of Electrical Engineering. 

Finance Committee.—During the year the com¬ 
mittee has held meetipgs frequently, has passed upon 
the expenditures of the Institute for various pur¬ 
poses, and otherwise performed the duties prescribed 
for it in the Constitution and By-laws. 

Haskins & Sells, certified pubUc accountants, have 
audited the books, and their report follows. 


Respectfully submitted for the Board of Directors, 

H. H. HENLINE, 


May 22, 1933. 


National Secretary. 
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HASKINS & SEL.L.S 

Cem'IFIED FUBI.IC ACCOUN'TANTS 


22 EAST 40rH STREET 

NEW YORK 


American Institute of Electrical Engineers, 
33 West 39th Street, 

New York. 


May 17, 1933. 


Dear Sirs: 

We have examined your accounts for the purpose of verifying the stated 
financial condition at April 30, 1933, and have audited yotir records of cash 
receipts and disbursements for the year ended that date. We submit the 
following exhibits and schedule: 

Exhibit 

A—Balance Sheet, April 30, 1933. 

Schedule 1—Property and Restricted Funds—Securities, Cash 
and Accrued Interest Receivable. 

B—Statement of Cash Receipts and Disbursements of General Funds 
for the Year Ended April 30, 1933. 

C—^Statement of Cash Receipts and Disbursements of Property and 
Restricted Funds for the Year Ended April 30, 1933. 

In our opinion Exhibit A sets forth your financial condition at April 30, 
1933, and E:^ibits B and C set forth your receipts as recorded and your dis¬ 
bursements during the year ended that date. 

Yours truly, 

Haskins & Sells 
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Balance Sheet^ April 30, 1933 


Exhibit A. 


ASSETS 

pROPSRTY Fund Investments: 

One-fourth interest in real estate and other assets 
of United Engineering Trustees, Inc., exclusive 


of Trust Funds. $496,048.48 

Equipment: 

Library—^Volumes and fixtures... 37,206.37 

Works of art. etc. 3,001.35 

Office furniture and fixtures (less reserve for de¬ 
preciation, $19,160.46). 13.312.46 

Securities—Schedule 1. 10,065.00 


Total property fund investments. 

Restricted Fund Investments —Schedule 1: 
Securities—At cost (less reserve for bonds of 


doubtful value). $167,403.56 

Cash. 8,036.80 

Accrued interest receivable. 223.33 


LIABILITIES 


♦Property Fund Reserve. 

Restricted Fund Reserves: 

Reserve Capital Fund. $164,528.25 

Life Membership Fund. 10,021.58 

International Electrical Congress of St. Louis Li¬ 
brary Fund. 4,600.89 

Lamme Medal Fund. 4,666.78 

Mailloux Fund. 1,028.18 


Total restricted fund reserves.*. 

Current Liabilities: 

Accounts payable. $ 5,800.38 

Dues received in advance. 2,020.70 

Entrance fees and dues advanced by applicants for 

membership. 253.50 

Subscriptions for ^'Quarterly Transactions’* re¬ 
ceived in advance. 114.50 


$560,623.65 


Total restricted fund investments. 


175,753.68 Total current liabilities. 


Current and Working Assets: 

Cash. $ 16,648.46 

Accounts receivable: 

Members—^For dues. ■ 44,792.40 

Advertisers. 282.00 

Miscellaneous. 3,624.19 

Accrued interest on investments. 2,3 74.94 

Inventories: 

Quarterly Transactions, ** etc.. 6,164.64 

Text and cover paper. 1,550.56 

Badges. 806.03 


Surplus. 


Total current and working assets. 


74,143.22 


Total 


$810,520.55 


Total 


* At April 30, 1932, Property Fund Reserve was included in surplus. 

Note: In accordance with the usual practice of the Society, no provision has been made for dues which may prove to be uncollectable. 


$560,623.66 


176'753.68 


8,207.17 

65,936.05 


$810,620.55 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Property and Restricted Funds Securities, Cash, and Accrued Interest Receivable, April 30,1933 


Exhibit A 
Schedule 1. 

Restricted Funds 



Number of 
Shares of 

Property 


Stock or 

Fund 


Face 

(Equipment 

SECURITIES 

Value of 

Replace¬ 


Bonds 

ments) 


International 

Electrical 

Congress 

of 


Reserve 

Life 

St. Louis 

Lamme 



Capital 

Membership 

Library 

Medal 

Mailloux 


Fund 

Fund 

Fund 

Fund 

Fund 

Total 


Railroad Bonds: 

Baltimore & Ohio Railroad Company 6% Refunding and 

general mortgage series C, due 1995. 

Central of Georgia Railway Company 5% consolidated 

mortgage, due 1945.. 

Chicago & Erie Railroad Company 5% first mortgage, due 

1982. 

Chicago, Burlington & Quincy Railroad Company 4%, 

due 1958. 

Chicago, Burlington 8c Quincy Railroad Company 5% first 

and refunding mortgage series A, due 1971. 

Chicago & Northwestern Rmlway Company 6Vs%, due 

1936. 

Chicago, Terre Haute 8c Southeastern Railway Company 

6% first and refunding mortgage, due 1960. 

Florida East Coast Railway Company 5% first and re¬ 
funding mortgage series A, due 1074 (certificates of 

deposit)... 

New York Central Railroad Company 5% refunding and 

improvement mortgage series C, due 2013. 

Pennsylvania Railroad Company 4^ /t% general mortgage 

series A, due 1965. 

St. Louis-San Francisco Railway Company 5% prior lien 

mortgage series B, due 1950 (certificate of deposit). 

Southern Railway Company 5% first consolidated mort¬ 
gage, due 1994. 

Western Pacific Railroad Company 5% series A, due 1946.. 


$12,000.00.$8,940.00.$4,330.00 

3,000.00. 1,477.50... 

1,000.00. 1,105.00.•. 

5,000.00.$4,868.75... 

1,000.00. 1,010.00. 

9,000.00. 7,202.50. 

8,000.00 . 7,940.00. 

10,000.00. 9,818.75. 

6,000.00. 5,742.50. 

6,000.00. 5,130.00. 

6.000.00 . 5,497.50. 

1,000.00.. 980.00.. 

16,000.00. 7,325.00. 


$13,270.00 

1,477.50 

1,105.00 

4.868.75 
1,010.00 

7.202.60 
7,940.00 

9.818.75 

5.742.60 
5,130.00 

5.497.60 

980.00 

7,226.00 


Total railroad bonds 


$62,068.75.. $4,868.76.$4,330.00.$71,267.60 , 


Public Utility Bonds. 


Consolidated Gas Company of New York 5Va% deben- 


tures, due 1945 . 

Duquesne Light Company 4^ lt% first mortgage series A, 
HiiP 10fl7 . 

$6,000,00 . 

3,000 00 . 

. $6,187.60 . 

. 2,970.00 . 


. 2,970.00 

Hydro-Electric Power Commission of Ontario due 

1 QK<3! . 

4,500.00 . 

. 4,600.00 . 


. . 4,600.00 

New York Telephone Company 4i/a%, due 1939. 

Pacific Gas & Electric Company 6* /*%, first and refund- 

tng mortgage series C, due 1952. 

Philadelphia Company secured 5% series A, due 1967.... 
Shawinigan Water & Power Company 4V*% first mort¬ 
gage and collateral trust sinking fund series A, due 1967. 
Texas Electric Service Company 6% first mortgage, due 

1900 . 

2’000.00. 

6,000.00 . 

10,000.00 . 

6,000.00 . 

4,000.00 . 

. 6,137.50 . 

. 4,681.25. 

. 3,910.00 . 

. $ 878.75 . 

. $1,000.00., 1.878.76 

. 6,137.60 

. 10,000.00 

. 4,681 . 25 

. 3.910,00 

United Light & Power Company 6*/*% first lien and 
consolidated mortgage, due 1959 . 

6.000.00 . 

. 4,975.00 . 


. 4,975.00 

Total public utility bonds . 


. $41,261.26 . 


. $1.000.00. . $43,140.00 


Industrial Bonds 

American Smelting & Refining Company 5% first mort¬ 
gage series A, due 1947. 

Bethlehem Steel Company 6% purchase money and im¬ 
provement mortgage sinking fund, due 1936.. ... 

Cleveland Union Terminals Company 5% sinking fund 
series B. due 1973. 


$9,000.00.$9,085.00. 

6,000.00. 6,033.76. 

4,000.00.. $4,010.00. 


$9,086.00 


6,033.75 


4,010.00 


Industrial bonds—(Forward) 


$4,010.00 $14,118.75. 


$18,128.75 
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Exhibit A. 

Schedule 1 . 

Restricted Funds 


Number of 
Shares of Property 
Stock or Fund 
Pace (Equipment 
Value of Replace* 

SECURITIES—CoK/musd Bonds meats) 


International 
^ Electrical 
Congress 
of 

Reserve Life St. Louis Lamme 
Capital Membership Library Medal Mailloux 

Fund Fund Fund Fund Fund Total 


Total railroad bonds—(Forward) 


$62,068.76.. $4,868.75.$4,830.00.$71,267.60 


Total public utility bonds—(Forward).. 

Industrial bonds—(Forward). 

Fidelity Union Title and Mortgage Guaranty Company 
first mortgage certificates (on property 76-79 Prospect 


Street, Bast Orange, N. J.) 6i / 2 %, due 1933. $16,000.00 

International Match Corporation 6% convertible deben¬ 
tures, due 1941 (certificate of deposit). 3,000.00 

New Vork Steam Corporation 6 % first mortgage, due 1947 10,000.00 

United States Rubber Company 5% first and refunding 

mortgage series A, due 1947 . 2,000.00 

Western Electric Company 6 % debentures, due 1944. 10,000.00 

Youngstown Sheet and Tube Company 6% first mortgage 
'sinking fund series A, due 1978... 10,000.00 


.$41,261.25.$ 878.75.$1,000.00.. $43,140.00 

.. $4,010.00. $14,118.76.$18,128.76 

.. 1,000.00.. 14,000.00. 16,000.00 

. 2,880.00. 2,880.00 

. 10,837.60. 10,837.60 

. 1,916.00. 1,916.00 

. 9,818.76. 9,818.76 

. 10,137.60. 10,137.60 


Total industrial bonds. 


$6,010.00. $63,707.60. 


$68,717.60 


Municipal Bonds: 

New York City 4V*% corporate stock, due 1967 . 2,000.00.$2,204.06.$ 2,204.06 


Capital Stocks: 

Commonwealth Edison Company. 

Consolidated Gas Company of New York, $5.00 cumu¬ 
lative preferred... 

Public Service Corporation of New Jersey, $6.00 preferred. 
United Gas Improvement Company, $6.00 preferred. 


12 shares.$2,892.00. 

30 ....$3,060.00. 

30 . 2,968.76. 

30 **.... 1,996.00.. 997.60. 


$ 2,892.00 

3,060.00 

2,958.76 

2,002.60 


Total capital stocks 


$6,056.00.. $6,848.25. 


$11,903.26 


Total securities 


$10,066.00$173,886.76. . $4,868.75.. $3,082.80.. $4,330.00.. $1,000.00. $107,232.30 


Lbss Rbsbrvb for Bonds of Doubtful Valub: 

Central of Georgia Railway Company 6% consolidated 

mortgage, due 1946. 

Florida East Coast Railway Company 6% first and re¬ 
funding mortgage series A, due 1974. 

International Match Corporation 5% convertible deben¬ 
tures, due 1941..... 

St. Louis-San Francisco Railway Company 5% prior lien 
mortgage series B, due 1960. 

Total reserve for bonds of doubtful value. 


$3,000.00. 


10,000.00. 

. 9,818.76.. 

3,000.00. 

. 2,880.00.. 

6.000.00. 

. 60. . 




$1,477.60 

0,818.76 

2,880.00 

6,497.60 

$19,673.76 


Total Sbcuritibs, Lbss Rbsbrvb 

Cash.. 

Accrubd Interest Rbcbivablb. . 


$10,066.00$164,212.00.. $4,868.76.. $3,082.80. . $4,330.00.. $1,000.00. $177,668.55 

. 316.26.. 6,019.50,. 1,469.69.. 236.78.. 6.68. .$ 8,036.80 

.■ 33.33.. 67.60.. 100.00.. 22,50.. 223.33 

$10,006.00...$10,066.00 


Total property fund securities.... 
Total restricted fund investments. 


$154,628.26. $10,921.68. . $4,609.89. . $4,665.78.. $1,028.18. $175,763.68 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

Statement of Cash Receipts and Disbursements op General Funds for the Year Ended April 30, 1933 


Exhibit B. 


Cash on Deposit May 1,1932, with the National City 
Bank of New York. $ 14,606.84 

Rbcbipts: 

Dues (including $60,301.26 allocated to Electrical 


Engineering” subscriptions). $165,182.85 

Advertising... 21,678.62 

“Quarterly Transactions” subscriptions. 11,033.83 

“Electrical Engineering” subscriptions. 6,744.00 

Miscellaneous publications, etc. 4,686.50 

Students' fees.. 6,116.55 

Entrance fees.. 3,109.16 

Badges.i. 1,078.71 

Transfer fees. 783.14 

Miscellaneous. 47.23 

Interest on investments and bank balances. 10,257.51 

Transfer from Reserve Capital Fund, per resolu- 
. tion of Board of Directors on October 12,1032.. 15,619.00 


Total receipts... 246,137.10 


Total. $260,643.03 


Disbursbmbnts: 


Publication expenses: 

“Electrical Engineering”. $ 58,018.85 

“Quarterly Transactions'. 17,022.80 

Technical papers.'.. 13,904.29 

Year book.. 2,676,97 

Miscellaneous. 2,731.10 

Administrative expenses. 42,605.88 

Institute Sections. 28,007.34 

Institute meetings.:. 11,630.34 

Institute Branches. 2,832.10 

American Engineering Council. 13,604.32 


Total—(F orward). 

Disbursbmbnts—(F orward). $196,523.08 

Traveling expenses: 

Board of Directors... 3,706.00 

Branch Counselors. 6,103.64 

Geographical districts: 

Executive Committees. 1,343.86 

Vice-Presidents.. 1,048.34 

National Nominating Committee- ! . 094.00 

United Engineering Trustees, Inc.: 

Library assessment... 8,936.00 

Building assessment. 4,111.05 

Standards Committee. 8,434.36 

Membership Committee. 5,534.72 

Employment service. 3,466.60 

American Standards Assodation. 1,500.00 

Badges. 1,000.21 

Exchange. 041.75 

Retirement salary. 000.00 

Institute prizes. 428.50 

Finance Committee. 380.64 

United States National Committee of Interna¬ 
tional Commission on Illumination. 300.00 

Geographical district prizes: 

Best branch paper. 162.00 

Best paper. 76.50 

Initial paper. 76.60 

John Fritz medal. 140.00 

Technical Committee. 138.74 

Headquarters Committee. 80.71 

Code Committee. 60.00 

Edison Medal Committee. 54.65 

Repayment of funds to the Professional Engineers 

Committee on Unemployment. 251.05 

Transfer to Reserve Capital Fund. 200.89 


$260,643.03 


Total disbursements 


$244,094.67 


Cash on Deposit April 30, 1033, with The National 
City Bank of New York. 


Forward 


$105,523.08 $260,643.03 


$ 15,648.46 
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REPORT OF BOARD OF DIRECTORS 


Transactions A.I.E.E. 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

Statement op Cash Receipts and Disbursements of Property and Restricted Funds for the Year Ended April 30, 1933 
Exhibit C. 


Restricted Funds 


International 

Property Electrical 

Fund Reserve Life Congress of Lam me 
(Equipment) Capital Membership St. Louis Medal Matlloiix 
Total Replacements) Fund Fund Library Fund Fund Fund 


Cash on Deposit May 1, 1932, with East River Savings Bank and Na¬ 
tional City Bank of New York. $15,043,33_$296.81. . $0,799.11.. $6,369.09. . $1,371.60_$215.78_$ 0.04 


Rbcbipts: 

Proceeds from sale of securities 

Interest on bonds. 

Life membership fees. 

Transfer from General Fund... 
Interest on bank balances. 

Total receipts. 

Total. 


$31,740.25.$31,740.26., 

620.00..$ 200,00..$ 135 00..$ 240.00_$46.00 

260.12. 260.12 

200.89. 200.89 

162.98. 162.98 


$32,964.24.$31,041,14. .$ 603,10.. $ 136.00..$ 240.00_$45.00 


$48,007.57.. $ 296.81. $38,740.26.. $6,962.19. . $1,606.60.. $ 466.78_$45.94 


Disbursbmcnts: 

Purchase of securities. $15,906.00.$16,906.00 

Transfer to General Fund, per resolution of Board of Directors on 

October 12, 1932. 16,619.00. 16,619.00 

Annual withdrawal authorized in by-laws. 042.69.$ 042.69 

Bronze and gold replicas of Lamme Medal... 220.00.$ 220.00 

All other disbursements. 7,384.08..$ 290.81.. 7,000.00.$ 47.01. ....$40.26 

Total disbursements. $39,970.77..$ 296.81. $38,424.00. . $ 942.69..$ 47.01..$ 220.00. .. .$40.26 


Cash on Deposit April 30, 1933, with East River Savings Bonk and Na¬ 
tional City Bank of New York. $8,036.80.$ 316.26. . $6,019.60.. $1,469.69.. $ 236.78.., .$ 6.68 






























1933 Index—A.I.E.E. TRANSACTIONS 


Papers and reports contained in the March, June, 
September-December issues of the 1933 Transac¬ 
tions are covered in this comprehensive annual 
reference index. This index embraces all formal 
technical papers and associated discussion presented 
at the Pacific Coast (Vancouver, B. C.) convention, 
August 30-September 2, 1932; the Middle Eastern 
District (Baltimore, Md.) meeting, October 10-13, 


1932; the winter convention, New York, N.Y., Janu¬ 
ary 23-27, 1933; the North Eastern District (Sche¬ 
nectady, N. Y.) meeting. May 10-12, 1933; and the 
summer convention, Chicago, Ill., June 26-30, 1933. 
Addresses and other material presented informally 
at various conventions, and special articles published 
only in Electrical Engineering, may be found 
in tte 1933 index to Electrical Engineering. 


Page Allocation by Issues 

March. 

June. 

September/ 

December ) 


.. 1-315 
. 316-710 

711-1153 


Subject Index 

A 


A.l.E.E. Board of Directors 
Report for the fiscal year ending April 
30, 1932. (H. H. Henline.) 

(Sept.-Dec.). 1119 

Report for the fiscal year ending April 
30, 1933. (H. H. Henline.) 

(Sept.-Deo.). 1131 

A.I.E.E. Technical Committee Reports 

Communication. (Sept.-Dec.). 1088 

Electrical Machinery. (Sept.-Dec.)., 1089 
Transformer Subcommittee (June) 409 
Electrochemistry and Electrometal¬ 
lurgy. (Sept.-Dec.).,.. 1092 

Instrument and Measurements. 

(Sept.-Deo.)..’. 1095 

Iron and Steel Production. (Sept.- 

Dec.).. 1096 

Power Applications, General. (Sept.- 

Dec,). 1093 

Power Generation. (Sept.-Dec.)- 1098 

Power Transmission and Distribution. 

(Sept.-Deo.). 1114 

Lightning and Insulator Subcommit¬ 
tee. (June). 466 

Protective Devices. (Sept.-Deo.).... 1116 

Relay Subcommittee. (June)- 607 

Transportation. (Sept.-Deo.). 1116 

Accelerated Aging Tests on High Volt¬ 
age Cable, and Their Correlation 
With Service Records. Roper. 

(Sept.-Dec.). 1028 

Aging Tests on High Voltage Cable, and 
Their Correlation With Service Rec¬ 
ords, Accelerated. Roper. (Sept.- 

Dec.). 1028 

Air Navigation, Radio Aids to. Green, 

Becker. (Sept.-Dec.). 738 

American Gas and Electric Company 
System 1930-31, Lightning Experi¬ 
ence on 132-Kv Transmission Lines 

of the. Sporn. (June). 482 

Application of Phase Sequence Principles 
to Relaying of Low-Voltage Second¬ 
ary Networks. Searing, Powers. 

(June). 614 

Applications ol Harmonic Commutation 
for Thyratron Inverters and Recti¬ 
fiers. Willis. (June). 701 

Arc, A New Method for Initiating the 
Cathode of an. Slepian, Ludwig. 

(June). 693 

Arc Discharge, New Studies of the. 

Myer. (March). 260 


Arc Extinction Phenomena in High Volt¬ 
age Circuit Breakers—Studied With 
a Cathode Ray Oscillograph. Van 


Sickle, Berkey. (Sept.-Dec.)- 860 

Arc, High-Velocity Vapor Stream in the 

Vacuum. Mason. (March). 246 

Arc Stability With D-C Welding Gener¬ 
ators. Ludwig, Silverman. (Sept.- 

Dec.) . 987 

Arc Welding Generator, High-Frequency. 

Johnstone. (March). 279 

Arc Welding Generators With Experi¬ 
mental Verification, Transients in. 

MiUer. (March). 260 

Arcs, Probe Measurements and Po¬ 
tential Distribution in Copper A-C. 

Dow, Attwood, Timoshenko. (Sept.- 

Dec.) . 926 

Armatures of Electrical Machines, Some 
Factors Affecting Temperature Rise 
in. Fechheimer. (June)... 325 


B 


Beauharnois Development of the Sou- 
langes Section of the St, Lawrence 

River. Lee, (Sept.-Dec,). 1066 

Better Instrument Springs. Carson. 

(Sept.-Dec.)... 869 

Board of Directors. (See A.I.E.E.) 

Bridge for Precision Power-Factor Meas¬ 
urements on Small Oil Samples, A. 

Balsbaugh, Moon. (June). 528 

Bridge Methods of Measuring Imped¬ 
ances, Classification of. Ferguson. 
(Sept.-Dec.). 861 


c 

Cable, and Their Correlation With Ser¬ 
vice Records, Accelerated Aging 


Tests. Roper. (Sept.-Dec.). 1028 

Cable, Carrier in. Clark, Kendall. 

(Sept,-Dec.).. 1050 

Cable Crossing of the Columbia River, 
116-Kv Submarine. Pearson, 
Shanklin, Bullard, Clark. (March) 89 
Cable Deterioration and Its Application 
to Service Aged Cable, A New 
Method of Investigating. Wyatt, 
Spring, Fellows. (Slept.-Dec.)-1036 


Cable Insulation, The Effect of High Oil 
Pressure Upon the Electrical 
Strength of. Scott. (Sept.-Dec.) 1013 


Cable Papers, The Electrical Characteris¬ 
tics of Impregnated. Dawes, Hum¬ 
phries. (Sept.-Dec.). 711 

Cables for Telephone Distribution Pur¬ 
poses, Use of. Rose, Russell. 

(March). 142 

Cables, Pulp Insulation for Telephone. 

Walker, Ford. (March). 133 

Cables, Thermal Transients and Oil De¬ 
mands in. Miller, Wollaston. 

(March). 98 

Cables, Traveling Wave Voltages in. 

Brinton, BuUer, Rudge. (March).. 121 

Cables Used for Low-Voltage A-C Dis¬ 
tribution, Voltage Regulation of. 

Searing, Thomas. (March). 114 

Calculation of Single-Phase Series Motor 
Control Characteristics. Moore, 
Axtell. (June). 366 


Capacitance and Loss Vanations With 
Frequency and Temperature in 
Composite Insulation. Race. 

(June). 682 

Carrier in Cable. Clark, Kendall. 

(Sept.-Dec.). 1060 

Cathode of an Arc, A New Method for 
Initiating the. Slepian, Ludwig. 

(June). 693 

Cathode Ray Oscillograph, Arc Extinc¬ 
tion Phenomena in High Voltage 
Circuit Breakers—Studied With a. 

Van Sickle, Berkey. (Sept.-Dec.) 860 
(Cathode Ray Oscillograph) The Meas¬ 
urement of High Surge Voltages. 


Bellaschi. (June). 644 

Centralised Traffic Control and Train 
Control of the Baltimore and 
Ohio Railroad. Davis, Dryden. 

(March). 308 

Circuit Breaker, A Compression Type 
Low Voltage Air. Prince. (Sept.- 

Dec.). 844 

Circuit Breaker Protection for Industrial 

Circuits. Lingal, Jennings. (Jime) 668 

Circuit Breakers, Interrupting Capacity 
Tests on. Spurck, Skeats. (Sept.- 
Dec.) . 832 


Circuit Breakers—Studied With a Cath¬ 
ode Ray Oscillograph, Arc Extinc¬ 
tion Phenomena in High Voltage. 

Van Sickle, Berkey. (Sept.-Dec.) 850 
Circuit Theory, Progress in Three. 

Boyajian. (Sept.-Dec.). 914 

Classification of Bridge Methods of 
Measuring Impedances. Ferguson. 

(Sept.-Dec.). *... 861 

Cleveland Union Terminals Electrifica¬ 
tion, Operation of 3,000-Volt Loco¬ 
motives on the. Craton, Pinkerton. 

(June).^. 359 

Columbia River, 115-Kv Submarine 
Cable Crossing of the. Pearson, 
Shanklin, Bullard, Clark. (March) 89 
(Communication) Carrier in Cable. 


Clark, Kendall. (Sept.-Dec.)- 1060 

(Communication) Centralized Traffic 
Control of the Baltimore and Ohio 
Railroad. Davis, Dryden. 

(March).. 308 

Communication. (Com. rept.) (Sept.- 

Dec.). 1088 

Communication Facilities in Transmis¬ 
sion Line Relaying, The Use of. 

Neher. (June). 696 

(Communication) Modern Signaling on 
the Reading Railroad. Reich, 

Wright. (March). 302 

(Communication) Pulp Insulation for 
Telephone Cables. Walker, Ford. 

(March). 133 

(Communication) Radio Aids to Air 
Navigation. Green, Becker. 

(Sept.-Dec.). 738 

(Communication) Radiotelephone Ex¬ 
periments Over Short Distances. 

McLean. (March). 83 

(Communication) Railroad Signaling 
and Trail Control. Amsden, Van- 
dersluis. (March). 296 
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INDEX OF SUBJECTS 


Communication Hequirements of Rail¬ 
roads. Niesse, Thayer. (March).. 282 

Communication System on the Penn¬ 
sylvania Railroad. Forshee. 

(March). 288 

(Communication) Use of Cables for 
Telephone Distribution Purposes. 

Rose, Russell. (March)... 142 

Communications, Inc., Radio Plant of 
RCA. Beverage, Hansell, Peter¬ 
son. (March). 76 

Commutation for Thyratron Inverters 
and Rectifiers, Applications of Har¬ 
monic. Willis. (Jime). 701 

Compensating Metering in Theory and 

Practice. Schleicher. (Sept.-Dee.) 816 
Compression Type Low Voltage ^ Air 
Circuit Breaker, A. Prince. 

(Sept.-Dec.).:. 

Concepts in Need of Clarification, Reac¬ 
tive Power. Knowlton. (Sept.- 

Dee.).’. 744 

Condenser Discharge Applied to Central 
Station Control Problems, The Prin¬ 
ciple of. GuUiksen. (March).... 232 

Conductors, Skin Effect in Rectangular. 

Forbes, Gorman. (June).. 516 

Construction Features of Special Resist¬ 
ance Welding Machines. Pfeiffer. 

(Sept.-Dec.). 997 

Control Characteristics, Calculation of 
Single-Phase Series Motor. Moore, 
Axtell. (June). 356 


Control, Direct Selection System of 

Supervisory. Reagan. (March)... 240 

Control for Single-Phase Locomotives, 

Simplified Speed. Giger. (June).. 379 
Control, Light Sensitive Process. Al- 


friend. (June). 512 

Control Problems, The Principle of Con¬ 
denser Discharge Applied to Central 

Station. Gulliksen. (March). 232 

Control, Recent Developments in Elec¬ 
tronic Devices for Industrial. Gul¬ 
liksen. (June). . 686 

Coordination of Insulation. Moht- 

singer, Lloyd, Clem. (June). 417 

Coordination of Transformers, Factors 
Influencing the Insulation. Vogel. 

(June). 411 

Corona Loss Measurements for the De¬ 
sign of Transmission Lines to Oper¬ 
ate at Voltages Between 220 Kv 
and 330 Kv. Carroll, Cozzens. 

(March). 66 

Costs, Segregation of Hydroelectric 

Power. McCrea. (March). 1 

Current and Voltage Wave Shape of 
Mercury Arc Rectifiers. Brown, 
Smith. (Sept.-Dec.). 973 


D 


(Damper Windings) Parallel Operation of 

A-C Generators. Stone. (June).. 332 

Deion Flaahover Protector and Its Ap¬ 
plication to Transmission Lines, 

The. Opsahl, Torok. (Sept.-Dec.) 896 
Design Features of the Port Washington 

Power Plant. Post. (Sept.-Dec.) 900 
Design of Resistance Welder Transform¬ 


ers. Stoddard. (Sept.-Dec.).. 731 

Devices, Protective. (Com. rept.) 

(Sept.-Deo.). 1116 

Dielectric Losses in Impregnated Paper, 

The. Whitehead. (Jime). 667 

Direct Selection System of Supervisory 

Control. Reagan. (March). 240 

Discharge, New Studies of the Arc. 

Myer. (March). 250 

Distribution of Safe Harbor Energy in 
Baltimore, Reception and. Loi- 

zeaux. (March). 193 

Distribution, Power Transmission and. 

(Com. rept.) (Sept.-Dec.). 1114 


Distribution Purposes, Use of Cables for 
Telephone. Rose, Russell. 

(March). 142 

Distribution, Voltage Regulation of 
Cables Used for Low-Voltage A-C 

Searing, Thomas. (March). 114 

Drilling Equipment, Variable Voltage Oil 

Well. Albrecht. (June). 677 


E 


Economic Aspects of Water Power. 

AUner. (March)... 166 

(Education) The Professional Develop¬ 
ment of the Engineer. Rees. 

(June). 388 

Effect of High Oil Pressure Upon the 
Electrical Strength of Cable Insula¬ 
tion, The. Scott. (Sept.-Dec.)... 1013 
Effect of Transient Voltage Protective 
Devices on Stresses in Power Trans¬ 
formers. Palueff, Hagenguth. 

(Sept.-Dec.). 954 

Electric Welders With Controlled Tran¬ 
sients, Performance and Design of. 

Creedy. (March). 268 

Electrical Characteristics of Impregnated 
Cable Papers, The. Dawes, Hum¬ 
phries. (Sept.-Deci). 711 

Electrical Machinery. (Com. rept.) 

(Sept.-Dec.). 1089 

(Electrical Machinery) Low Frequency 
Self-Exciting Commutator Genera¬ 
tor. HuU. (June). 317 

(Electrical Machinery) Parallel Opera¬ 
tion of A-C Generators. Stone. 

(June)..'. 332 

(Electrical Machinery) Synchronous- 
Motor PuUing-Into-Step Phenom¬ 
ena. Edgerton, Germeshausen, 

Brown, Hamilton. (June).. 342 

(Electrical Machinery) Theory of the 
Three-Wire D-C Generator With 
Two-Phase Static Balancer. CuU- 

wick. (March). 30 

(Electrical Machinery) Two-Reaction 
Theory of Synchronous Machines— 

IL Park. (June). 362 

Electrical Machines, Some Factors Af¬ 
fecting Temperature Rise in Arma¬ 
tures of. Fechheimer. (June).... 326 

Electrical Operation on the Cascade Di¬ 
vision of the Great Northern Rail¬ 
way. Cox. (March). 19 

Electrical Testing in a New Rubber- 

Covered Wire Plant. Protzman, 

Hill. (March). 161 

Electrification, Operation of 3,(X)0-Volt 
Locomotives on the (Cleveland 
Union Terminals. Craton, Pinker¬ 
ton. (June)... 359 

Eleoiirification, The Reading Company’s 
Philadelphia Suburban, Wright. 

(March). 10 

Electrochemistry and Electrometallurgy. 

(Com. rept.) (Sept.--Dec.). 1092 


(Electrochemistry) Light Sensitive Proc¬ 
ess Control. Melvin. (June)_ 512 

Electrometallurgy, Electrochemistry 

and. (Com. rept.) (Sept.-Dec.). 1092 


Electronic Devices for Industrial Con¬ 
trol, Recent Developments in. Gul¬ 
liksen. (June). 686 

(Electronic Devices) The Principle of 
Condenser Discharge Applied to 
Central Station Control Problems. 

Gulliksen. (March). 232 

(Electronics) Light Sensitive Process 

Control. Alfriend. (June). 612 

Empirical Equations for tlxe Magnetiza¬ 
tion Curve. Barton. (June). 659 

Engineer, The Professional Development 

of the. Rees. (June). 388 

Equations for the Magnetization Curve, 

Empirical. Barton. (June).... 669 


Equivalent Circuit in Three-Phase Power 


Transformer Banks, The Triple-Har¬ 
monic. Morgan, Bairos, Kimball. 

(March). 64 

Excitetion, Loss Characteristics of Sili¬ 
con Steel at 60 Cycles With D-C. 

Edgar. (Sept.-Dec.). 721 

Expiilsion Protective Gap, The. Mc- 
Eachron, Gross, Melvin. (Sept.- 
Dec.) . 884 


F 

Factors Influencing the Insulation Co¬ 


ordination of Transformers. Vogel. 

(Jime). 411 

Fictitious Power, Reactive and. Smith. 

(Sept.-Dec.). 748 

Flashover Protector and Its Application 
to Transmission Lines, The Deion. 
Opsahl, Torok. (Sept.-Dec.).... 895 

Flashover Studies of 26-Kv Wood Pole 
Transmission Construction, Impulse 
and Dynamic. Brookes, Southgate, 
Whitehead. (June). 494 


G 


Gap, The Expulsion Protective. Mc- 
Eachron, Gross, Melvin. (Sept.- 

Dec.) . 884 

Generating Station, Improvements at 
Burlington. Cisler, Gavit. (Sept.- 

Dec.).*. 1068 

Generation, Pow^r. (Com. rept.) 

(Sept.-Dec.). 1098 

Generator, High-Frequency Arc Welding. 

Johnstone. (March). 279 

Generator, Low Frequency Self-Exciting 

Commutator. Hull. (June). 317 

Generator With Two-Phase Static Bal¬ 
ancer, Theory of the Three-Wire 

D-C. Cullwick. (March). 30 

Generators, Arc Stability With D-C 
Welding.- Ludwig, Silverman. 

(Sept.-Deo.). 987 

Generators, Parallel Operation of A-C. 

Stone. (June). 332 

Generators, Variable Speed Constant 
Voltage D-C. Hornby. (Sept.- 

Dec.) . 727 

Generators With Experimental Verifica¬ 
tion, Transients in Arc Welding. 

Miller. (March). 260 

(Governors) Parallel Operation of A-C 

Generators. Stone. (June). 332 


H 

(Harmonics) The Triple-Harmonic Equiv¬ 
alent Circuit in Three-Phase Power 
Transformer Banks. Morgan, 

Bairos, Kimball. (March). 64 

Heated Walls, Obtaining Comfort Condi¬ 
tions by Controlled Radiation From 
Electrically. Schad. (Sept.-Dee.) 1074 
High-Frequency Arc Welding Generator. 


Johnston. (March). 279 

BKgh-Velocity Vapor Stream in the 

Vacuum Arc. Mason. (March).. 240 

Higher Steam Pressures and Tempera^ 
tures—^A Challenge to Engineers. 

Engle, Moultrop. . (June). 630 

(Hydroelectric) Beauharnois Develoi)- 
ment of the Soulanges Section of the 
St. Lawrence River. Lee. (Sept.^ 

Dec.). 1066 

Hydroelectric Developments, Low-Head. 

Karpov. (March). 202 

(Hydroelectric) Economic Aspects of 

Water Power. AUner. (March)., 156 

Hydroelectric Power Costs, Segregation 

of. McCrea. (March). 1 

(Hydroelectric) Reception and Distribu¬ 
tion of Safe Harbor Energy in 
Baltimore. Loizeaux. (March)... 193 
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(Hydroelectric) Safe Harbor Kaplan Tur¬ 
bines. Davis« Spaulding. (March) 220 
(Hydroelectric) Safe Harbor Project. 

Higgins. (March). 169 


I 


Impedances, Classification of Bridge 
Methods of Measuring. Ferguson. 

(Sept.-Deo.). 861 

iTnpregnated Cable Papers, The Elec¬ 
trical Characteristics of. Dawes, 

Humphries. (Sept.-Dec.). 711 

Impregnated Paper, The Dielectric 

Losses in. Whitehead. (June)... 667 

Impregnated Paper, The Life of. 

Whitehead. (Sept.-Dec.). 1004 

Improvements at Burlington Generating 
Station. Cisler, Gavit. (Sept.- 

Dec.). 1068 

Improvements in Mercury Arc Rectifiers. 

Cox. (Sept.-Dec.). 1082 

Impulse and Dynamic Flashover Studies 
of 26-Kv Wood Pole Transmission 


Construction. Brookes, South- 

gate, Whitehead. (June). 

ImpulBe Sparkover Based Upon Lichten- 
berg Figures, The Polarity Factor in 
the Kindling of Electric. Magnus- 

son. (Sept.-Deo.). 

Impulse Testing of Commercial Trans- 
• formers, Progress Report on. 

Vogel, Montsinger. (June)... 

Impulse Voltage Testing. Harding, 

Sprague. (Jxme). 

Impulse Voltage Testing, Recommenda- 
tions for. (Sporn) (Com. rept.) 

(Juno). 

Impulse Voltages, Laboratory Measure¬ 
ment of. Dowell, Foust. (June). 
Industrial Circuits, Circuit Breaker Pro¬ 
tection for, Lingal, Jennings. 

(June)... 

Industrial Control, Recent Developments 
in Electronic Devices for. GuUik- 

Bon. (June).^. 

(Industrial) Electrical Testing in a New 
Rubber - Covered - Wire Plant. 

Protzman, Hill. (March). 

(Industrial) Light Sensitive Process 

Control. Alfriend. (June). 

(Industrial) Variable-Voltage Oil Well 
Drilling Equipment. Albrecht. 

(June). 

Instrument Springs, Better. Carson. 

(Sept.-Dec.).. • • • 

(Instruments) A Bridge for Precision 
Power-Factor Measurements on 
Small Oil Samples. Balsbaugh, 

Moon. (June). 

(Instruments) A Standard of Low Power 
Factor. Kouwenhoven, Berberich. 

(June). 

Instruments and Measurements. (Com. 

rept.) (Sept.-Dec.). 

(Instruments) Laboratory Measurement 
of Impulse Voltages. Dowdl, 

Foust. (June).. 

(Instruments) Skin Effect in Rectangular 
Conductors. Forbes, Gorman, 

(June).. 

(Instruments) The Measurement of 
High-Surge Voltages. Bellaschi. 

(June). 

(Insulation) A Bridge for Precision 
Power-Factor Measurements on 
Small OU Samples. Balsbaugh, 

Moon. (June).. 

(Insulation) A New Method of Investi¬ 
gating Cable Deterioration and Its 
Application to Service Aged Cable. 
Wyatt, Spring. Fellows. (Sept.- 

13ec.)...* * • • • * 

(Insulation) A Standard of Low Power 
Factor. Kouwenhoven, Berberich. 
(June). 


494 

918 

409 

428 

466 

537 

568 

585 

151 

512 

577 

869 

528 

521 

1095 

537 

516 

544 

528 

1035 

521 


(Insulation) Accelerated Aging Tests on 
High Voltage Cable, and Their Cor¬ 
relation With Service Records. 
Records. Roper. (Sept.-Dec.)_ 1028 


Insulation, Capacitance and Loss Varia¬ 
tions With Frequency and Tempera^ 
ture in Composite. Race. (June) 682 
Insulation Coordination) Impulse Vol¬ 
tage Testing. Harding, Sprague. 

(June). 428 

Insulation, Coordination of. Mont¬ 
singer, Lloyd, Clem. (June). 417 

Insulation Coordination of Transform¬ 
ers, Factors Influencing. Vogel. 

(June). 411 

(Insulation Coordination) Protection of 
Rotating A-C Machines Agsdnst 
Traveling Wave Voltages Due to 
Lightning. Rudge, Wieseman, 

Lewis. (June). 434 

(Insulation) Electrical Testing in a New 
Rubber-Covered Wire Plant. 

Protzman, Hill. (March). 151 

Insulation for Telephone Cables, Pulp. 

Walker, Ford. (March). 133 

(Insulation) Laboratory Measurement of 
Impulse Voltages. Dowell, Foust. 
(June). 537 


Insulation, Operating Experience With 
Wood Utilized as Lightning. Mel¬ 
vin. .. 503 

(Insulation) Recommendations for Im¬ 
pulse Voltage Testing. (Sporn) 


(Com. rept.) (June)... 466 

(Insulation) The Dielectric Losses in Im¬ 
pregnated Paper. Whitehead. 

(June). 667 

Insulation, The Effect of High Oil Pres¬ 
sure Upon the Electrical Strength of 
Cable. Scott. (Sept.-Dec.).... 1013 


(Insulation) The Electrical Characteris¬ 
tics of Impregnated Cable Papers. 
Dawes, Humphries. (Sept.-Dec.) 711 
(Insulation) The Life of Impregnated 

Paper. Whitehead. (Sept.-Deo.) 1004 
(Insulation) The Measurement of High- 

Surge Voltages. Bellaschi. (June) 544 
(Insulation) Thermal Transients and Oil 
Demands in Cables. Miller, Wol¬ 


laston. (March). 98 

Interconnection Transmission Lines, Re¬ 
laying of High Voltage. Sleeper. 

(Sept.-Dec.). 

Interrupting Capacity Tests on Circuit 
Breakers. Spurck, Skeats. (Sept.- 

Dec.) . 632 

Inverter Synchronous-Mechanical Rec¬ 
tifier. Seyfert. (June)...397 

Inverters and Rectifiers, Applications of 
Harmonic Commutation for Thyra- 

tron. Willis. (June). 701 

Iron and Steel Production, (Com. rept.) 

(Sept.-Deo.). 1096 


K 

Kindling of Electric Impulse Sparkover 
Based Upon Lichtenberg Figures, 

The Polarity Factor in the. Mag- 
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